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SUMMARY 

Accomplishments during this year  of 

1.  A detailed identification of 

p r oJ e c t effort include : 

the nature  of the problems 
faced in improving 2 
day production and laboratory mater ia l s .  This effort 
culminated in proposing the interdisciplinary molecular 
well model for high Z materials  which provides the mate-  
r i a l s  developer with an atomic model for  high Z mater ia l s  
which is correlated with band s t ruc ture  and t ranspor t  
theory.  

beyond that achieved in present  

2 .  Development of suitable wide tempera ture  range evalua- 
tion facilities to give 2 

tion of temperature  over the range f rom 78  K to  560 K ,  
f o r  experimental  mater ia l s  

S ,  kT, 5 >  RH, and p a s  a func- 
0 0 

P 

3 .  Prepara t ion  and evaluation of BiSb alloy c rys ta l s  and 
AgSbTe2 alloys near ly  representative of the state-of-the- 
art  for  thermoelectr ic  cooling, and Bi  c rys ta l s  near ly  
representative of the s ta te-  of-the-art  for  thermomag- 
netic cooling. 

2 Initiation of alloy modification studies in the AgSbTe 
alloy sys tem using the selection principles evolved in 
the interdisciplinary identification studies.  These 
investigations included preparation and evaluation of 
alloys representing T1, Au and F e  substitutions in the 
AgSbTe 

T1SbTe2,Sb Te T1 substitution fo r  B i  in the p type 
OSD standard B1 Te alloy, Au Sb BiTe (where 

x = 0 to l ) ,  TlBiTe and AgFeTe TlSbTe with ap- 2 "  2 
proximately a C type s t ructure  was  made and two ef- 
fects associated with T1 in the D5 - R -  s t ruc ture  were  
discovered, namely, its contribution vla empty p orbi-  
t a l s  to  hole s ta tes  in t h e  valence band a t  low tempera-  
tu re  and introduction of ionized impurity centers  at 
higher tempera tures  via s orbital excitation. The in- 
terdiscipl inary molecular well model was applied in 
explaining the thermoelectric charac te r i s t ics  of s eve r -  
a l  of these alloys. 

4. 

2'  sys tem and specific studies of AgSbTe 
X 

2 3' 
2 3  x 4  7 .  5 

3 3  
3d 3 m  

Although a new higher Z thermoelectric cooling mater ia l  has 
not been revealed in this period, major and vital  s teps  toward this 
objective a r e  represented by the above accomplishments.  



ABSTRACT 

The s ta tus  of thermoelectr ic  and thermomagnetic cooling de- 
velopment is reviewed and the highest 2 thermoelectr ic  extr insic  
semiconductors and intrinsic semimetals covering the range f rom 
573OK to 50°K a r e  identified chemically, s t ructural ly  and thermo- 
ele  c t r ical ly  I 

The nature  of the interdisciplinary difficulties plaguing the p r e -  
diction of new and higher 2 thermoelectr ic  mater ia l s  a r e  cri t ically,  
theoretically,  and analytically 8 s  sessed 

A method is outlined for obtaining a detailed interdisciplinary 
character izat ion of high Z thermoelectric mater ia l s ,  which can r e -  
veal chemical and s t ruc ta ra l  situations f o r  which high 2 can be ob- 
tained. 
tions of band and t ransport  theory,  s t ructural  analysis,  chemical 
bonding theory and principles 
t ranspor t  pa rame te r s  and chemical correlation pa rame te r s  for  a 
l a rge  number of chemical compo:Lnds and elements ,  a r e  specifically 
identified. 

Fac to r s  controllmg the value o f  Z a s  revealed by considera- 

and relationshlps between charge 

Based on the resu l t s  ofthese introspective analyses and a 
specific consideration of the crystal  s t ructure ,  chemical bonding, 
band s t ruc ture  generation and determination for  Bi  Te an inter-  
disciplinary molecular well model, believed to have f a r  reaching 
significance in future thermoelectr ic  mater ia l  development, was  de- 
veloped. 
bonding and band s t ructure  fo r  high 2 mater ia l s  and reveals  the 
s t ruc tura l  and chemlcal factors  which a r e  required t o  achieve band 
s t ruc ture  and charge and phonon t ransport  charac te r i s t ics  which a r e  
necessa ry  for  high Z 
thermoelectr ic  propert ies ,  which determine Z, a r e  presented and 
applied to  the case  of Bi  Te3 alloys- 
a r e  self consistent.  
pare  favorable with band s t ruc ture  information obtained by galvano- 
magnetic coefficient analyses on B i  Te 2 3”  

2 3’ 

This model provides a connecting link between chemical 

Approxlmate formulae f o r  expressing the 

Results of these calculations 
2 The band s t ructure  predictions of the model com- 

Methods of preparing high Z thermoelectr ic  and thermomag- 
netic ma te r i a l s  a r e  discussed and the methods used to p repa re  single 
c rys t a l  B i  and B i  alloys and polycrystalline mater ia l s  in the 
AgSbTe2 and B i  T e  alloy sys tems a re  descr ibed.  

2 3  

Equipment, techniques and methods for evaluating 
Z , S ,  k T 2  cr, RH, and p over the temperature  range of in te res t  a r e  

des  c ribed. 
P 



Efforts  t o  reproduce the s ta te-of- the-ar t  type of the rmoelec-  
t r i c  BiSb c rys t a l s ,  and AgSbTeZ alloys and thermomagnetic B i  c r y s -  
t a l s  a r e  discussed,  and extensive thermoelectr ic  and t ransport  p ro-  
per ty  evaluations of these mater ia l s  a r e  presented 
m a r y  of thermoelectr ic  propert ies  vs tempera ture  of standard OSD 
n and p type alloys is provided Also,  a brief summary  of prel imin-  
a r y  work on thermomagnetic cooling using Bi c rys ta l s  is given. 

A brief sum-  

5 
Research  efforts on alloy modifications of D - R -  o r  related 

s t ruc tu res ,  inclusive of sttldies of AgSbTe 
a r d  p type B i  Te 

AgSbTe and TlBiTe, a r e  summarized and discussed in t e r m s  of the 
interdisciplinary molecular well model TlSbTe with approximately 

a C33’D3d 3m 

ho e s ta tes  in the tu re ,  were  discovered,  These were  generation of ? 
valence bands vla missing p orbital bonds and ionized impurity pro-  
duction via excltation of r o n  bonding s orbitals to p orbital  s ta tes  in 
the valence band 

TlSb?$, d ? n  stand- 
2’ 2 alloy, Au in AgSbTe and Sb BiTe 7. 5, F e  in 

2 3  2 4 

2 ’ .  . 

5 
2 

- R -  s t rsc+trre  was made 

5 
3 Two new effects ,  character is t lc  of T1 in D - R -  C s t ruc -  

m 33 

In general ,  the use  of the interdisciplinary molecular  well 
model has  allowed considerable clarification in regard  to possibil i-  
t ies  of developing improved Z mater ia l s .  



LIST O F  TABLES 

TABLE 1 P re l imina ry  rdentifiiatlon of Bes t  Thermoelectr ic  
and Thermomagnetic Cooling Mater ia ls  for  -25OoC 
to $300 C Temperat;re Range. 0 

TABLE 2 Mainly Chemical Identifications of Bes t  Thermo- 
e lec t r ic  and Thermomagnetic Cooling Alloys. 

TABLE 3 Structaral  Nature of Best Known Candidates for  
Thermoelectr ic  and Thermomagnetic Cooling 
Mate r ia l s  for  Wide Temperature  Ranging Environ- 
ment I 

TABLE 4 The Fourteen Lat t ices .  

TABLE 5 Covalent Bond Types 

TABLE 6 Electronegativity Chart  of the Elements  of the 
Atomic Table e 

TABLE 7 Comparison of Tnteratomic Distances Charac te r -  
i s t ic  of Group V and Group VI  Elements .  

TABLE 8 F o r m a l  Ionicity and Effective Ionicity of Diamond- 
l ike Semiconductors (%). 

TABLE 9 Coefficients of Thermo-emf for  Anisotropic Sub- 

s tances  (after Gitsu e t  a1 e 

2 9 ) )  

TABLE 10 Effect of Symmetry Operations. 

TABLE 11 Point Groups or  Prominent Points and Lines in the 
Bril louin Zone. 

TABLE 12 Comparison of Magnetoresistance, Thermoelectr ic  
Power and Figure-of-Merit  for  OSD Bi  Sb with 
Published Values 94 6 

TABLE 13 Room Temperature  Thermoelectr ic  P a r a m e t e r s  for  
OSD AgSbTe2. 

TABLE 14 Room Temperature  p , RH, p, n, and S data on OSD 

AgSbTeZ and Ag Sb TeZ. 19 29 



TABLE 15 

TABLE 16 

TABLE 17 

TABLE 10 

TABLE 19 

TABLE 20 

TABLE 2 1  

TABLE 22 

Elec t r ica l  Proper t ies  of (AgSbTe2)0. q(PbTe)O. 
at 300°K. 

Exploratory E sl-;xitions of Ag T1 SbTe2 Alloys. 
1 - x  x 

Evaluation of TlSbTe 
Quench-Anneal P rocess  

System Processed  by the 
X 

Exploratory E.c-aluations of Ag Au SbTe Alloys. 
1-x x 2 

Exploratory Evaluations of Au Sb BiTe Alloys. 
x 4  7 . 5  

Exploratory Evaluations of AgFe Sb Te Alloys. x 1 - x  2 

2 Electric-a1 Proper t ies  of AgFeTe 

Comparison of Proper t ies  of TlBiTe 

pared by Quench-Anneal and R. F. Casting. 

Alloys P r e -  
X 



LIST OF FIGURES 

FIGURE 1 

FIGURE 2 

FIGURE 3 

FIGURE 4 

FIGURE 5 

FIGURE 6 

FIGURE 7 

FIGURE 8 

FIGURE 9 

FIGURE 10 

FIGURE 11 

FIGURE 1 2  

FIGURE 13 

Comparison of the variation in  Z with tempera-  
tu re  for thermoelectric mater ia l s  with optimized 
Z a t  one temperature ,  

Representation of the valence bonds and antibonds 
(a) in a hydrogen molecule, and (b) in a solid. 

P 

P 

Relationship of Z , S, k and 0 t rends as a function P T 
of number of extrinsic charge c a r r i e r s  for  a given 
mater ia l  a t  a constant temperature .  

Rhombohedral crystal  s t ruc tures  character is t ic  
of As,Sb,  Bi. 

Bonding, atomic arrangement,  c rys ta l  axes  and 
resonance bond chains in As, Sb and B i  c rys ta l s .  

Krebs  21)  representation of Se o r  Te s t ruc tures  
(a) showing resonance chain and (b) formula for  
resonance chain 

Dependence of the ratio of interatomic dis tances  
for  Group 11, Group V, and Group VI elements  on 
atomic weight 

Bond scheme for diamond-like semiconductors.  

Pictor ia l  diagram of idealized bonding schemes .  

Relationship of excitation energy, AE, in e v  to 
single bond energy in kcal /mole,  (after Gatos 

Relationship between excitation energy, AE, in  
ev,  and the heat of formation in  e v  (after Gatos 

Relationship of energy gap, E to  Electronegati-  
vity difference, AX, for  Group IV elements  and 
111-V and HI-VI compounds. 

g’ 

E 
elements  

vs AX relationship for other compounds and 
g 



FIGURE 14 

FIGURE 15 

FIGURE 16 

FIGURE 17' 

FIGURE 18 

FIGURE 19 

FIGURE 20 

FIGURE 21 

FIGURE 22 

FIGURE 23 

FIGURE 24 

FIGURE 25 

Relationship of charge c a r r i e r  mobility to  e lectro-  
negativity difference for  Group IV elements and 
111-V and 11-VI compounds. 

Relationship of charge c a r r i e r  mobility to e lectro-  
negativity difference for  other compounds. 

Relationship of principal quantum number,  iT, to 
electronegativity, AX, for  s t ruc tures  with cubic 
close-packed anion substructures  and te t rahedral  
and octahedral coordination (after MooserZ8)) 

Relationship between work function of elements and 
their  electronegativity I 

Relationship of ionicity pa rame te r ,  h ,  and AX, fo r  
many compounds with different bond schemes .  

Relationship of ionicity pa rame te r ,  A ,  and mean 
atomic weight for  many compounds with different 
bond schemes e 

Dependence of electron mobility on the polarity pa ra -  

m e t e r ,  
era1 types of bond schemes. 

e" 
- for  elements and compounds with sev-  
C 

Dependence of the lattice thermal  conductivity on 
e* 

the polarity parameter ,  - , for  elements and com- 
pounds with various bond schemes .  

Dependence of effective m a s s  rat io ,  - ', on the 

polarity parameter ,  - , for  compounds and ele-  

ments  with various bond schemes.  

with the polarity pa rame te r  f o r  'a 
Variation of - k 
compounds and gpernents representing various bond 
scheme s . 

C 

m 

m eB 

C 

Relationship between energy gap, Eg, and mean 
atomic weights fo r  Group IV elements  and Group 111-V, 
and 11- VI C ompounds 

E 
elements.  

vs mean atomic weight for  other compounds and g 



FIGURE 26 

FIGURE 2% 

FIGURE 28 

FIGURE 29 

FIGURE 30 

FIGURE 31 

FIGURE 32 

FIGURE 33 

FIGURE 34 

FIGURE 3 5  

FIGURE 36 

FIGURE 37 

FIGURE 38 

FIGURE 39 

Relationship of electron mobility to  mean atomic 
weight for Group IV elements and Group 111-V 
and TI-VI compounds, 

Re lationship of electron mobility to mean atomic 
weight for  other elements and compounds, 

The latt ice thermal  c onductivity of selected com- 
pounds and elements as  a function of mean atomic 
weight and classification of chemical bonds ~ 

Variation of k 

with various mean atomic weights. 

with bond type for  binary compounds 
Ph 

The rhombohedral unit cel l  of the bismuth telluride 
latt ice 

Layer  latt ice arrangement in B i  Te  2 3  
tion of bonding ( -4 

showing d i rec-  
-). 

Pictor ia l  representation in two dimensions of the 
type of molecular  building blocks in a Bi  T e  2 3  
c rys ta l  e 

Three  equally probably resonance situations in  Bi,Te, 
(after Krebs  20)) I 

Brillouin zone of bismuth telluride (after Lee and 
Plncherle 31)) 

L 3  

IMWM (Interdisciplinary Molecular W e l l  Model) for  
B i  Te 

IMWM (Interdisciplinary Molecular W e l l  Model) fo r  Bi. 

2 3 &  

The 6 ellipsoid energy surface positions in the 
c rys t a l  sys tem for  Bi Te  

cleavage plane; 

Efimova e t  a137))0 

( 8 is the angle with the 2 3  
G3 is the trigonal axis)  (after 

Temperature  profile in horizontal boat during Bismuth 
c rys ta l  growth. 

Rocking autoclave and Bridgeman casting equipment. 



FIGURE 40 

FIGURE 41 

FIGURE 42 

FIGURE 43 

FIGURE 44 

, FIGURE 45 

I 

FIGURE 46 

1 FIGURE 47 

I 

I FIGURE 48 

I FIGURE 49 

FIGURE 50 

FIGURE 51 

Component and wiring diagram of Hall and thermo- 
e lec t r ic  measurements  apparatus ~ 

Design of sample holder for  Hall and related effects.  

Design of sample holder fo r  thermoelectr ic  measu re -  
ments  

Photograph of wide temperature range tes t  equip- 
ment ,  

Typical Hall field vs magnetic field plot for  Bi  
c rys ta l s  a s  a function of orientation and tempera-  
ture  " 

Magnetoresistance coefficient vs temperature  for  
OSD B i  crystals . ,  

for  B i  and Bi  Sb crys ta l s  (R ), OSD 
1 

R VS- 

standard n and p type B i  Te alloys, and 'lAgSbTe2 
2 3  

with -R and tS' H 

CI vs -for  Bi  and B i  Sb crys ta l s  (a 3 3 ) ,  OSD 

standard n and p type B i  Te alloys, and AgSbTe 
with -R and tS. H 

1 0 
p. vs - for  Bi  and Bi Sb crys ta l s  (R 6 94 T 
standard n and p type B i  Te 2 3  
with -R and tS. H 

- S  , k and o vs  tempera ture  for  OSD Bi 

94  6 

H T 94 6 H 

1 0 

T 94 6 

2 2 3  

OSD H ' '31' 
alloys, and AgSbTe2 

0 

zp'se p T 33 
and B i  Sb crystals .  

Z T vs temperature  for OSD Bi single c rys ta l  

Comparison of relative resis t ivi ty  ve r sus  tempera-  

tiire for  OSD Bi  S b  crys ta l s  and Wolfe and Smith 's  

P 

10) 
94 6 

B i  Sb  and Bi  Sb crys ta l s .  95 5 88 12 



FIGURE 52 

FIGURE 53 

FIGURE 54 

FIGURE 55 

FIGURE 56 

FIGURE 57 

FIGURE 58 

FIGURE 59 

FIGURE 60 

FIGURE 6 1  

FIGURE 6 2  

Resistivity ratio,  p (H)/ p (o),versus magnetic 
3 3  3 3  

field a t  80°K for  OSD Bi 

to  Lockheed Group's40) B i  Sb B i  Sb  and 
B i  Sb crys ta l s  

and B i  compared 
(94)Sb(6) 

9 7  3' 95 5' 
88 12 

Comparison of l i terature  data and OSD alloy data 
on resis t ivi ty ,  p E relative resis t ivi ty ,  

and Hall coefficient (80 K and 300 K )  ver sus  antimony 
content for  B i  Sb alloy c rys t a l s .  1-x x 

33 (W 1 P 33(o) 
0 0 

Z 

n and p type B i  Te alloys. 

S, kTy  and IS vs temperature  for  OSD standard 
P 

2 3  

2 "  Z , S ,  kT, and cs vs temperature  for OSD AgSbTe 
P 

Comparison of Z 
Bi  Sb crys ta l s  (zero H field), n and p type B i  Te 

alloys, and AgSbTe with maximum 2 values r e -  

vealed in the l i terature  fo r  B i  Sb crys ta l s ,  

values vs temperature  for  OSD 
P 

94 6 2 3  

2 P 

88 12 
n and p type Bi  Te 

2 3  alloys, (AgSbTe2)0. q(PbTe)O ~ 

and p type PbTe alloys e 

Relation between ordered AgSbTe rhombohedral 
(idealized) and cubic latt ice of the disordered NaCl 
s t ruc ture .  

2 

Pictor ia l  representation of a possible molecular net 
s t ruc ture  for  AgSbTe crys ta l s .  

for  AgSbTe AgFeTe and TlBiTe  compared H T 2' 2 R vs - 
to  OSD standard n type B i  Te  alloy. 

2 

2 3  

for  AgSbTe2. AgFeTe and T lBiTe  compared 1 
T 2 IS vs - 

t o  OSD standard n type B i  T e  alloy. 2 3  

p vs  T for  AgSbTe 

to  OSD standard n type Bi  Te  alloy. 

AgFeTe2, and T lBiTe  compared 2 '  

2 3  

Z S ,  k and p v s  temperature  for  AgSb Te compared 

to  standard p type Bi Te alloy. 
P T 2 

2 3  



FIGURE 63 

FIGURE 64 

FIGURE 65 

FIGURE 66 

FIGURE 6 7  

FIGURE 68 

FIGURE 6 9  

FIGURE 70 

fo r  T1SbTe2, T1 in place of Bi  in p type 

2 3  2 3’ 4 7 . 5  

1 R vs - H T 
B i  Te standard alloy, Sb Te and AuSb BiTe 

compared to OSD standard p type Bi  Te3 alloy. 

CJ vs - for TlSbTe2 

standard alloy, Sb Te and AuSb BiTe7-  com- 

pared t o  OSD standard p type Bi  Te 

p vs T f o r  TlSbTe 

B i  Te  standard alloy, Sb Te  and AuSb BiTe 

compared t o  OSD standard p type B i  Te alloy. 

2 

T1 in place of Bi  in p type Bi  Te 
1 
T 2 3  

2 3’ 4 
alloy. 2 3  

T1 in place of Bi  in p type 2’ 

2 3  2 3’ 4 7. 5 

2 3  

Z , S ,  k and p vs temperature for TlSbTe compared 
P T 2 
to OSD standard p type Bi  Te alloy, 2 3  

Z ,S, kT, and p vs temperature for T1 substitution f o r  

Bi  in p type Bi  Te 2 3  
standard Bi  Te alloy. 

P 
standard alloy compared to  p type 

2 3  

2 ,S, kT, and p v s  temperature for  Sb Te 

to  standard p type B i  Te alloy. 

compared 
P 2 3  

2 3  

Z , S ,  k and p vs temperature for AuSb BiTe 

compared to  standard p type Bi Te alloy. 

Z , S ,  kT,  and p vs temperature for  AgFeTe 

pared to standard n type Bi  Te alloy. 

P T 4 7 . 5  

2 3  

com- 
P 2 

2 3  



TABLE OF CONTENTS 

PURPOSE 

OBJECTIVES 

INTRODUCTORY INFORMATION ON THE PRESENT STATUS OF 
THE RMOE LEC TRIC AND THERMOMAGNETIC COOLING 

THERMOELECTRIC AND THERMOMAGNETIC COOLING MATE RIALS: 
STATE-OF -TKE -ART 

PRELIMINARY IDENTTFHCATHON OF MGH Z THERMOELECTRIC 
AND THERMOMAGNETIC COOLKNC MATERIALS. 

INTERDISCIPLINARY APPROACH TO JDENTIFTGATION AND UNDER- 
STANDING OF HIGH Z THERMOELECTRIC MATERIALS 

Inte rd i s  c ipl ina r y De f i n i  t ion s of C rys  tal s -Applicable to The r m o  - 
e lec t r i c  mater ia l s  

Specific Nature of Problem of Improving Z of Thermoelectr ic  
mate  rials 

Limitations Imposed on Predicting Higher Z Thermoelectr ic  
Mate rials 

Band Theory and i ts  Limitations 

Bond Theory and Principles  and the i r  Limitations 

Crys t a l  Structure  Analysis and it.s Limitations 

Method of Approach to  Problem 

Band St ruc ture  and its Relationship to Expressions for  the 
F igure  - of-Merit 

Case  of a Simple Band 

Density of States  in a Simple Band 

Density of States  in Complex Bands 

Concept of Fermi Level and Degeneracy for  the Case 
of a Simple Band 



Transpor t  Equation fo r  Conduction and Valence Bands 

Expression for Figure-of-Merit ,  Z 

Discussion of Maximizing Z 

P 

P 
Types of Chemical Bonding in Solids 

Resonance Bonding 

Cor  relation P a r a m e t e r s  

Electronegativity 

Pol a r i z a t i on and Pol .a r i z ib il it ie s 

Ion1 c i ty 

~ Mean Atomic Weight 

Bond Strength 

of Interatomic Spacings 
2 

Anisotropy Ratio - 
r 

T. 

Application of Correlat ion Pa rame te r s  

I Electronegativity 

Ionicity Pa rame te r s  

Mean Atomic Weight and anisotropy Ratio 

Bond Strength 

2 
r 
- 

1 
r 

AN INTERDISCIPLINARY IDENTIFICATION O F  Bi2Te3 

Crys ta l  Structure  

Chemical Bonding 

Band Structure  Gene ration and Band Structure  Determinations 

DEVELOPMENT OF AN INTERDISCIPLINARY MODEL (IMWM) FOR 
Bi2Te 

3 

Support for  the Model 



Application of the Interdisciplinary Molecular Well Model 
(IMWM) 

SELECTION OF MATERIAL SYSTEMS IN WHICH TO SEARCH FOR 
IMPROVED Z MATERIALS FOR THE TEMPERATURE RANGE OF 
50 O K  - 5 7 3OK 

Character izat ion of Improved Z Thermoelectr ic  Cooling 
Mate r i a l s  

Selected Systems fo r  Experimental  Study 

METHODS OF MATERIAL PREPARATION 

In t r odu c t i on 

B i  and B i  Alloy Crys ta l s  

Background Information on Methods of Growing Bi and 
BiSb Crys ta l s  

Preparat ion of Crys ta l s  

B i s mu th 

B i smuth- antimony A l l  oy 

AgSbTe and Bi  Te Alloy Systems 

Historical  Information 

The Casting Techniques 

Choice of Methods 

2 2 3  

The Quench-Anneal P r o c e s s  

Metallographic Analysis 

Exploratory Electr ical  Analysis 

Vertically Cas t  Alloys 

METHODS OF MATERIAL EVALUATION 

Hall and Thermoelectr ic  Measurements Apparatus 



Technique and Method of Data Presentation 

Hall and Related Effects 

The rmoelect ric Measurements 

PREPARATION AND EVALUATION O F  STATE-OF-THE-ART 
MATERIALS AND DEVELOPMENT OF TECHNIQUES 

Bi  and BiSb 

Bi  

Thermomagnetic Shaped Cooler 

BiSb Alloy 

Bi Te Alloys 2 3  

AgSbTe2 Alloys 

Discussion 

A L L O Y  MODIFICATION STUDIES 

Int r odu c t ion 

N-M-X Alloy Research 

2 
AgSbTe 

TlSbTe2 

Experiments  onAnoma,aus E Eects of T1 

Au Substitution in AgSbTe and BiSb Te 

Fe Substitution in AgSbTe 

TlBiTe 

DISCUSSION AND CONCLUSIONS 

2 4 7 . 5  

2 



PURPOSE 

Thermoelec t r ic  cooling has m e r i t  for space 
application as a means of t ransferr ing heat f rom 
one point to  another in a space vehicle. However 
thermoelec t r ic  cooling ma te r i a l s  and devices for 
this purpose must  be available which will pe r fo rm 
over a wide range of ambient tempera ture  and 
p r e s s u r e s .  Available thermoelectric and thermo-  
magnetic ma te r i a l s  do not meet  the temperature 
range o r  maximum figure-of-merit  require-  
ments.  In addition, i t  appears  likely that their  
stability under low ambient p re s su res  encountered 
in space may be unsatisfactory. 

Specifically, i t  i s  expected that thermo- 
electr ic  and thermomagnetic mate+ 1s with 
f igures-of -mer i t  g rea t e r  than 4x10 '/OC a t  25OC 
will be required for  continuous o eration a t  
ambient tempera tures  f rom -250 C to t3OO0C 
under- nvironmental p re s su res  a s  low a s  
1 x 1 0  m m H g .  

g 

t 

OBJECTIVES 

The objectives of this project a r e  to: 
theoretically and analytically evaluate the 1). 

possibil i t ies of developing thermoelectric and 
thermomagnetic cooling ma te r i a l s  and devices 
which will meet  the above general  specifications. 
2). make and evaluate any mater ia l s  which 
show potential p romise  of meeting the basic 
requirements for  high figure-of -mer i t  and en- 
vironmental stabil i ty.  
3). design and fabricate exemplary modules 
containing any ma te r i a l s  which pass  evaluation 
tes t s .  

INTRODUCTORY INFORMATION ON 
THE PRESENT STATUS O F  THERMOELECTRIC 

AND THERMOMAGNETIC COOLING 

The present  s ta te  of development of 
thermoelec t r ic  and thermomagnetic cooling 
hardware direct ly  reflects the figures -of-merit 
which charac te r ize  the available thermoelec t r ic  
mater ia ls .  

F o r  thermoelec t r ic  coolers  the figure-of- 
m e r i t  is given by: 

2 z = s  
p 5 ; ; ;  

where 
2 = Peltier-Seebeck Eigure-of- 

Merit  (OC)-' in the direction 
paral le l  to cu r ren t  flow 

S = Thermoelectric power in 

k = Thermal  conductivi'y in 

p = electr ical  cesistivity in 

pVI0C 

0 
wat ts lcm C 

ohm- cms  

F o r  thermomagnetic coolers ,  the figure- 
of-merit  i s  given by: 

2 
S z = xy 

XY 
kyP x'B,' 

where z = Nernst-Ettingshausen- 
xy Figure-of-Merit ( C) 

0 1  

S = the thermoelectric power 
in IrVlOC developed in the 
y direction by current  flow- 
ing in the x direction 

XY 

k 

px(BZ) = the resist ivity in the x 

= the thermal  conductivity in 
y direction 

direction a s  a resul t  of 
application of a magnetic 
field B in the z direction 

A thermoelectric cooling couple consists of 
an  n-typo and a p-type leg,  each leg of which has 
a figure-of-merit ,Z defined as above. The n- 
type has  a negative End the p-type positive 
thermoelec t r ic  power. 
legs  have equal S. k. and p values,  we only need 
to consider the figure-of-merit  of one, since 
under these conditions, the figure-of-merit  of 
the couple is the same  as that of a single leg. In 
contrast ,  a thermomagnetic cooling element con- 
s i s t s  of one shaped c rys t a l  which conducts almost 
equally by electrons and holes. 

If we a s sume  that both 

2 is related  OAT for thermoelectric 
coolers%y the r e l a t i o n s h c y  

1 2 
= - Z  T 

A T m a x  2 p c 3) 

where 
Tc= tempera ture  of cold junction 

Th: AT 
80 c using xnax p and n type bismuth h telluride alloys 
with m a i m u m  z 
of approximately 3 x 10 / C. Under these con- 
ditions the minimum cold junction tempera ture  is 

h 
-225OK. At Th = 373 K; T 5? 290°K. When T 

is held a t  a tempera ture  about 450°K, the A T  

Using a p-type bismuth telluride a1 y with 
an  n-type bismuth antimony alloy, Wolf>.'hae 
repor ted  that cooling modules with higher 2 values 

'between 22S°K and 100°K can  be made, than by 
coupling of p and n-type bismuth telluride alloys. 

achieved for  T = 303OK is 74O to 

values at room tempera ture  
- 3  0 

0 

C 

shows a marked  decrease .  maJC 
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Thermoelec t r ic  coolers can be cascaded. 
A cascade  cooler involving 
construc&d f r o m  bismuth telluride alloys by 
Beosen . With T = 298'K, a ATmax of 142OC 

was obtained giving Tc = 156OK. 
hot junction a t  373'K, i t  is expected that 
of such a cooler could exceed 15OOC. 

seven stages was 

h 
By setting the 

ATmax 

Z or 2 is related to A T  for max 
NE X y  NE 

thermomagnetic coolers by: 

1 2 
= ZxyTh 4) 

N E  * Tma.x 

where 
T is the base o r  hot s ide  

teLnperature 
h 

Such coolers  have been built using oriented 
Bi c rys ta l s  and Bi Sb alloy c rys ta l s .  Kooi and 
coworkers 3 ,  demonstrated a A T  of 62OC for 
T = 195OK and B = 30 Kg using ?!%o 1 ra t io  
shaped cooler,  thus giving a T of 133OK. More 
recently Harman  and Honig e t  :1 4, demonstrated 

302OK and B = 110 Kg a A T m a x  h 
and a cu r ren t  of 55 amperes ,  thus giving a Tc  = 
201O K. 

97 3 

h 

of 10l°C f o r  T 

A hybrid Pelt ier-Ettingshausen cooler was 
very  recently designed by Madigan5) using a 
Pe l t i e r  cascade as a var iab le  tempera ture  heat 
sink fo r  a shaped Ettingshaus-en cooler. 
of the Pe l t ie r  cascade at 300°K, T of the  
Pe l t i e r  unit will be 19OoK. 
Bi Sb Ettingshausen cooler with I = 7: 6 amps  
ar18~B = 8 Kg, he has designed to obtain a 

of 43OC with T a t  19O0K.giving a Tc of 
A'rnax h 

147OK. 

With T 
h 

Using 2 shaped 

3 

Whereas Pe l t ie r  cascade coolers requi re  
stacking of modules,  the Ettingshausen cooler 
can be cascaded by shaping one element. 
major  disadvantage of the Ettingshausen cooler 
may  be the excessively high value of magnetic 
field r e  u i red  to operate it a t  higher temperatures 
than 200 K. 

A 

73 

THERMOELECTRIC AND THERMOMAGNETIC 
COOLING MATERZALS STATE-OF-THE-ART 

During the l a s t  sixteen yea r s  much effort 6-9 

has  been expended in developing p and n-type 
extrinsic semiconducting ma te r i a l s  with high 
Figures-of -Mer i t  in the range f rom room 
tempera ture  and up. The Bismuth t e  
alloys have been developed since 1954 
presently optimized Z 
room tempera ture  (Seg Figure  1). 

4pride . to the i r  
level of -3 x 10-3/0C at 

Attempts to find extrinsic semiconductors 
which show higher Z values at tempera tures  
much below room tempera tures  max have been un- 

u l  i n  the past .  
::;?'found that intrinsic anisotropically con- 
ducting Bi-Sb alloy semimeta l  c rys t a l s  will 
exhibit Z 

without magnetic field and a t  100°K as high as 
8. 6X10-3/0C in a 1700 gaass mag I C , ' ~  field 
app l i z l  \ \  t 3  the bisoc t r i r  axis with cui--eat I \  
to the  tz'.z.Jnd  cis. 
these striking proper t ies  have been developed. 
The approxim2,te tempera ture  dependency of 2 

Recently Smith and 

values a t  90°K as high as 6x1d3/OC 
Pmax 

Only n-type 3i alloys with 

for  BiS8SblZ alloys is s?iown in F igure  1. P 

-I ' 1 pp, Projected Operatmnal Range 

2110' 

I 
I 
I 
I 

Bx-Sb alloy ~n H fzeld 

Temperature m OK I 

Fig .  1. Comparison of the variation in Z with 

tempera ture  fo r  thermoelec t r ic  mater ia l s  with 
optimized 2 a t  one tempera ture .  

P 

P 

In the highest tem,erature range (up to 
0 

8 600°K), beyond the 150 to 200 K limit  of bismu 
telluride alloys,  the n and p-type PbTe  alloys,  
well known in the thermoelectric power genera-  

values (See 
F igure  1) until t32)discovery of AgSgTe in  1958 

satisfactory by i t se l f ,  a p-type alloy, 
Age 4Pb Sb Te, was shown by Fleischmann 

to exhibit a 2 
500-600°K. l n  n-type alloy with Z of this value 
in th i s  tempera ture  range is not k;l&m 

'tion field,  have shown thehighest 2 

by Wernick et  a1 . Although AgSbTe z is not 

value up to near 3 x 10 -3  1 0 C at 

2 

12) 
. 2  . 4  

PRELIMINARY IDENTIFICATION O F  HIGH Z 
m-- 

THERMOELECTRIC AND THERMOMAGNETIC -- 
COOLING MATERIALS 

It is helpful to charac te r ize  the highest 2 
thermoelec t r ic  ma te r i a l s  before a detailed 
analysis of the problem of developing higher Z 
thermoelec t r ic  ma te r i a l s  is considered. 

2 



In Table  1 a r e  listed the compositions by 
chemical  formula of the highest Z therm:,electric 
and thermomagnetic mater ia l s  along with other 
information. 

TABLE I 

PRELIMINARY IDENTIFICATION OF BEST 
THERMOELECTRIC AND THERMOMAGNETIC 
COOLING MATERIAIS FOR -250'C 10 +3OO0C 

TEMPERATURE RANGE 

Material 
System 

- 
Thermoelectric 

BI Sb alloys 

Wlth 1 = 9 1 - 8 8  
= Y  

Y =  3-12 

Bb-Te compounda Cast and orrcnted. 550-b00°C 
lllayed m f h  Se 
and Sb-Te corn-  
pound. plus other 
minor cansfltuenf. 

powder pressed and 
amtered 1. ielatrvdy 
poorer but useful 

ApSbTcxaUoyed Cast and zone leveled 575-625 

mth PbTe alloy. 

Camm+nt. 

I D 1 1 1 0 . I E  *emimetl1 
W l f h  energy gap Of 

up to  - 0 2  ev at R T : 
cry.t*1 anent*t.tlon 
and parity very 
Important; "-type 
conduction prtdorn- 
mate. due m.. 

+a0 

E X f r I n . I C  B e r n , -  

candxtar;  orkent- 
*ti." I .  of .ome 
Importance. both 
P and "-type second 
phaae I. often present 
and i s  tolerable and 
aometrme~ deaxrable. 
E g - .  2- 3 e" 

Ertrr"r.ic B e r n , -  

conductors; always 
P-type LD research 
.ample* made to date: 
lend. to hare L 

second phase in cast 
alloy. which CLUBC. 

anrlytical problems. 
E g - . b e v  

Intriasrc sernrmct.1 
energy band overlap of 

duction slightly pre- 
dominant 

-. 001 e"; "-type con- 

Those with highest Z namely, Bi alloy ma.x' 
semimetals ,  have the lowest melting points, 

-3OO0C, while the bismuth te l lur ide and s i lver  
antimony te l lur ide alloys have melting points near  
600°C 

AS shown in Tables  1 and 2 ,  Bi and Bi alloys 
must  be used in single c rys t a l  fo rm with the 
cur ren t  para l le l  to the trigonal axis. 
intr insic  semimeta ls  and have a very  smal l  e n e r e  

They are  

gap o r  overlap, exhibit anieotropic la t t ice  spacing 
in the direct ion 1 I to  the t r igonal  axis, and show 
predominately electronic conduction in  this d i rec-  
tion because of a ra ther  l a rge  anisotropy of 
oe I 1 0  (u e, electron conductivity and a 

Zgnductivity). 3, In addition, they a r e  chemically 
bonded by both p-orbital covalent half bonds and 
resonance bonds. 
character ized by a very  smal l  electronegativity 
difference. 
to their trigonal axis. 

, hole 
P - 

The Bi and Sb of the alloys are 

The alloys cleave readily in a p l ane1  

The bismuth te l lur ide alloys are  used in 
polycrystalline form. The thermoelectr ic  pro- 
per t ies  of the n-type alloys a r e  sensitive t 
tation of the c rys ta l s  in  the extr insic  range 
Both the electr ical  conductivity and thermal  con - 
ductivity a r e  anisotropic, the l a rge r  values being 
observed perpendicular to the trigonal axis. 
These alloys a l so  have anisotropic la t t ice  spac-  
ings in the direction of the trigonal axis and 
cleave readily in a plane I to the trigonal axis. 
They a r e  p-orbital bonded and resonance bonded 
and have a distinct molecular net type of s t ruc tu re  
with five a toms in a molecule. 
tivity difference between the major  a tom consti- 
tuents of the alloys is s m i l l ,  0. 2, and the 

e* 
calculated ionicity, F, is approximately zero. 
Their  dielectr ic  constants a r e  l a rge  ( - 80). 
a r e  extr insic  semiconductors with a small 
apparent energy gap ranging from 0.16-0. 3 ev. 

?Fen- . 

/ 

The electronega- 

They 

Not as much can be said about the s i lver  
antimony te l lur ide alloy because of i ts  complex 
nature. 
ings. It is p-orbital b3ilded and s-orbi ta l  bonded 
and exhibits resonance bonding tendencies. The 
electronegativity difference of i t s  constituent 
a toms is low ( -  0. 2), i t s  a tomic ionicity, 0. 5, 

e-. and i t s  polar ionicity - 20.  
ing mater ia l ,  PbTe,  i', p-orbital-resonance bond- 
ed, has  a high dielectr ic  constant, shows slight 
anisotropy of la t t ice  spacing and has  l a rge  pieeo- 
res is tance.  

It does show anisotropy of la t t ice  spac-  

However i t s  alloy- 

As shown in  Table  3, all these mater ia l s  
have rhombohedral la t t i ces  except the s i lver  
antimony te l lur ide allloy which is cubic with 
rhombohedral tendencies. They all belong to  the 

D:d -%m space  group except the s i lver  antimony 

t e  lur ide alloy whi h is apparently a mixture  of 

Oh -Fm3rn 3d 3x1' 
s 

and D -R- 
J 

In Table  3, the sign of the thermoelectr ic  
0 

power, conductivity type, Zma, and the Z 
tempera ture  a r e  given. 

max 

The above identifications can be noted to be 
comprehensive and interdisciplinary. 
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-- INTERDISCIPLINAXY APPROAZH TO 
IDENTIFICATION AND UNDERSTANDING 

OF HIGII Z THERMOELECTRIC MATERIALS 
---- 

----- 

,I%terdisciplinary Definitions of Crys ta l s -  
A z l i c a b l e  to Thermoelectr ic  Mater ia ls  - ------_-_I_ -----_ 

Thermoelectr ic  mater ia l s  a r e  crystalline 
solids. Crys ta l  s t ruc tures  a r e  geometrical three 
dimensional a r rangements  of atoms. 
a r r a y  of a toms a s sumes  a s t ruc ture  which r e p r e  
sents  a minimum energy orientation of the a toms 
in space satisfying a par t icular  bonding scheme. 
The bond scheme is determined by the in te r -  
action of the electron energy levels  charac te r iz -  
ing the bonding o r  valence electrons of the par t i -  
cular  types of a toms present  in  the a r ray .  The 
bonding fo rces  are electrostat ic  in nature a r i s ing  
because of the relationship of forces  exer ted by 
the electronic and nuclear charges  of the par t ic i -  
pating atoms. The electron shel l  s t ruc ture  of the 
valence electrons of the participating atoms and 
the bond scheme assumed in  such an a r r a y  of 
a toms determines the distribution of bound, quasi- 
f r e e  and f r e e  electrons between and around the 
a toms i n  the crystal .  This  same electron d i s t r i -  
bution determines the electron energy band 
s t ruc ture  and therefore  the relat ive energy posi- 

Such a n  

allowed s ta tes  a t  the top of the valence band pa r -  
ticipate in  determining the charge c a r r i e r  t rans-  
port propert ies  character iz ing the crystal. 

. 

The minimum energy orientation of the 
atoms in  space,  being a direct  resu l t  of the 
valence electron bond scheme,  which is in  turn  
determined by the nature  and type of interaction 
of the valence electron shel l  s t ruc ture  of the 
participating atoms,  can assume seve ra l  types 
of symmetr ica l  periodic configurations in  space,  
recognized by crys ta l  la t t ice  indices which reveal  
the interatomic spacings, within the l imi t s  im- 
posed a t  one ex t reme by the radi i  ra t io  of the . .  
atoms and the general  principle of geometr ical  
c losest  packing of a toms,  and the weakest d i rec-  
tional bonding a t  the other extreme.  

The la t te r  l imi t s  and the nature  of the 
atoms in  the atornic table constr ic t  the a r r a y s  
possessing symmetry  observed in c rys ta l s  to one 
of fourteen la t t ice  types (See Table 4) defined by 
i ts  primitive vectors  and by the charac te r  of i t s  
unit cel l ,  the la t te r  being the parallopiped formed 
by the three  t ranslat ions selected as units. 

Table 4. The Fourteen Lat t ices  14) 

Crys ta l s  can a l so  be character ized by 
types of chemical  bonds. 
e lectrostat ic  interact ion between cer ta in  ato.ms 
of the atomic table gives r i s e  to ionic bonding. 
Exchange interact ion between directional p- 
orbi ta l  e lectrons resu l t s  in  covalent bonding. 
Hybridization of e lectrostat ic  and exchange in te r  - 
actions gives the sp3  hybrid bond. 
plex hybridization is the resonance bond. 
course,  there  a r e  the ex t reme types of bonds, 
metallic (strong) and Van de r  W a a l s  (weak). 

A st rong degree of 

A m o r e  com- 
And of 

tions of the ex t rema character iz ing the valence 
and conduction bands. 
allowed electron s ta tes  in  any one band is two 
electrons of opposite spin per  unit cel l  of the 
crystal .  

The total density of The Specific Nature  of the Problem 
of Improving Z of Thermoelec t r ic  Mater ia ls  

One can descr ibe  this  problem in a s te reo-  
typed fashion as consisting of the following steps: 
1). selecting a toms 
2) .  bonding them together 

The electrons i n  the allowed s ta tes  a t  the 
b3ttom of the conduction band o r  holes a m o i g  the 

4 



3). obtaining a c rys t a l  s t ruc ture  
4). identifying the c rys ta l  s t ruc ture  
5). identifying the band s t ruc ture  

6). determining the electron and phon2n t r ans -  
port p roper t ies  which charac te r ize  the band 
s t ruc tu re  

7). determining the figure-0:-merit 

Although these  a r e  the steps,  the o rde r  i n  
which they can  be performed is not a s  indicated. 
Also the difficulties confronted in predicting 
higher Z m a t e r i a l  mu;t be considered. 

Limitations Imposed on Predicting Higher_ 
Z Thermoelec t r ic  Materials 

It would appear  that since the chemistry 
discipline deals with selecting a toms and bonding 
them together, basic chemis t ry  theories and 
principles can be used to advantage. 

approxima.tion is basic in  this a r ea .  

The bond 

The crystallography discipline deals with 
s t ruc tu res  which can be described by geometrical  
transformations using primitive vectors.  

The physics discipline deals with band 
s t ruc tu re  and theories of transport .  
approximations have had considerable success  in 
solving problems of c rys ta l s .  

The band 

Superficially, i t  appears  that a coupling of 
bonding theory and principles with s t ruc ture  an -  
a lys i s  and band theory should lead to predicting 
mater ia l s  with improved thermoeIectric proper -  
ties. 

Band Theory and Its Limitations 

The band theory of solids15) which has  been 
successfully used to explain a n  impress ive  l i s t  of 
electronic and phonon t ranspor t  phonomena in 
crystall ine solids arises f rom solutions of the 
Schroedinger wave equation. 
of this equation fo r  a many-electron sys tem 
(e. g. any crys ta l l ine  solid) is impossible. 
Therefore  a l l  quantitative theories of electron 
and phonon t ranspor t  r e s t  on approximations. 

An exact solution 

In the s imples t  fo rm af the band theory of 
electron t ranspar t ,  the crystall ine latt ice is con- 
s idered  as a region in which the electrostatic 
potential va r i e s  with the periodicity of a simple 
isotropic latt ice.  
Schroedinger wave equation for  one electron a t  a 
p o s i t i o n y  f o r  this extremely simple c a s e  is: 

The solution of the 

-+e 
ik . r Y = u  (;e 

r k  5) 

where 
u ( r ) is a function periodic in 

three  dimensions depend- 
ing on the wave vector k 

+ 

It can easily be shown that the plane wave 

i s  modulated by t e period of the la t t ice  and 
ik . r  

e 
hk 

has a momentum p =-  and a de  Broglie wave 
2rr 

length h =-. Fur ther  the energy of the  electron 
is given to a f i r s t  approximation in the assumed 
isotropic latt ice by: 

2rr 
k .  

h2k2 
k 8mn+ 
E =- 

This means that E 
electron with an  ekective m a s s ,  m*. 
allowed values of k and therefore  E k 
into bands containing two electrons of opposite 
spin pe r  unit cell  of the c rys ta l .  The occupied 
bands may o r  may not overlap and may o r  may  
not be completely filled, thus giving r i s e  to 
categories like insulators,  semiconductors,  mmi- 
meta ls  and meta ls  amvng the various possible 
crystall ine s t ruc tu res  assumed by the a toms of 
the atomic table. 

has  the fo rm of a quasi-free 
The 

are  grouped 

J 

Application of this so called ‘-’band approxi- 
mation” s t a r t s  with X-ray crystallographic data 
f rom a specific c rys t a l  lat t ice and r e s t s  on 
assumptions abaut the periodicity and uniformity 
of the periodicity of the electron distribution 
through the lattice. 

By considering many types of perturbations 
of the periodicity of the electrostatic field and 
using the principle of the self consistent f ield and 
a feed back procedure requiring additional 
assumptions about the average  field distribution 
in the specific c rys t a l  lattice, it is possible to  
obtain an  average  but accura te  description of the 
electrostatic potential and with i t  a detailed des -  
cription of e lec t ron  wave functions and energies 
for  the specific c rys t a l  lat t ice.  

Band approximations, however, cannot p r e -  
dict  the exact chemical composition which will 
give the par t icu lar  c rys t a l  s t ruc tu re  nor  the 
na ture  of the a toms required and the type of 
chemical bonding which would give the average  
e lec t ros ta t ic  field distribution that genera tes  the 
electron wave functions and energ ies  in the band 
s t ruc tu re  of the c rys t a l  lat t ice.  

Fu r the r ,  it is apparent that, start ing with 
measu remen t s  of the t ranspor t  p roper t ies ,  band 
theory provides no way of predicting the c rys t a l  
s t ruc tu re  in which these  a r e  observed. 
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Bond Theory and Pr inc ip les  and Thei r  Limitations 

Chemical bonding theory'') is not founded 
on f i r s t  principles and hence i s  not able to be 
quantitatively connected to band theory.  That i s ,  
although the bond scheme assumed i n  an  a r r a y  of 
a toms in a crys ta l  i s  directly related to the d is -  
tribution in space of electrons between and 
around i t s  a toms and the bonding forces  a r e  
electrostatic in nature,  a r i s ing  because of the 
electronic and nuclear charges  of the participat-  
ing a toms,  bonding theory does not involve any 
proposals about moving electrons and hence the 
laws of conservation of momentum and energy a r e  
not par t  of i ts  foundation as is the case  with band 
theory. The theory is semiempir ica l  in nature 
and is therefore called the bond approximation. 

In employing the bond approximation, one 
considers two (neares t )  neighboring a toms in  a 
c rys ta l  lat t ice whose natures a r e  known. Hence, 
i t s  start ing point is the fund of knowledge 
available on each of the a toms in the atomic table 
including nuclear charge,  a r rangement  of the 
electrons i n  the electron shell  s t ruc tu re ,  ioniza- 
tion potentials, ?he degree  of filling of the outer -  
mos t  principal shell ,  and observed chemical 
valence proper t ies  of the atoms. 
approximation d i r ec t s  attention at the resultant 
distribution of electronic charge between neigh- 
boring a toms and essentially neglects the effects 
of next neares t  neighbors. 
weakness not easily amenable to quantitative 
refinements. 

The bond 

This i s  a n  inherent 

The strength of a bond can be directly 
cor re la ted  to the na tures  of the participating 
a toms and the types of bonds they can make. 

The types of bonds formed between two 
a toms de termines  the i r  effective radii .  
of the effective radii  gives the interatomic spac- 
ing. Thus, one must  know the bond type before 
assigning the radius.  

The s.im 

In genera l  i t  is charac te r i s t ic  of the a toms  
of the atomic table with principal quantum num- 
b e r s  grea te r  than one that the i r  outer shells con- 
s i s t  of 4 orbi ta l s ;  one s and th ree  p, each orbital  
being capable of accomodating two electrons of 
opposite spin. Fu r the r ,  the s orbi ta l s  are non 
directional in bonding, while the p orb i ta l s  
(6 possible lobes) are  directional, at 90° with 
one another.  

Application of quantum mechanics to the 
c a s e  of a diatomic molecule shows that if  one 
such orb i ta l  over laps  a similar orb i ta l  of a 
neighboring atom, the  two are t ransformed into 
two new orbitals.  As shown in  F igure  2a, one of 
these is called a bonding molecular orb i ta l  o r  

simply a "valence bond" while the other is 
called an  "antibonding" orbital. 
bond has a lower energy than its parents  and the 
antibond a higher energy. By themselves,  the 
two parent orbitals involved requi re  two electrons 
of opposite sp in  each for maximum stability. 
When combined, they requi re  only two electrons d 
opposite spin between them to acqui re  a stable 
configuration. 

The valence 
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I N T E R A T O M I C  D I S T A N C E  (b) 

Fig .  2 .  Representation of the valence bonds and 
antibonds (a) in a hydrogen molecule,  and (b) in 
a solid. 

If an  a tom attempts to bond to another and 
the re  is a n  excess  of electrons g rea t e r  than the 
allowed two opposite spins per  valence bond, they 
mus t  go into the antibond, which destabil izes the 
s y s t e m  and counteracts the energy of bond fo rma-  
tion. 

Since each fi l led bonding orbital  cannot have 
the s a m e  energy as other ones i n  the  same 
sys t em (Pauli exclusion principle) the bonds be - 
come a band of energy bonds in a polyatomic 
sys t em as shown in  F igu re  2b. 

In general ,  we see therefore ,  that  the 
energ ies  of the valence and antibonds are a func- 
tion of the deg ree  of overlap of bonding orb i ta l s  
which in tu rn  depends on the a tom separation. 
For a sys tem of two bonded atoms, t he re  is a 
minimum energy a t  a n  a tom separa t ion  r for 
which the bond is most  stable. At c lose r  than 

0 



this separa t ion  coulombic r e p l s i o n  forces  the 
a toms apar t .  At this distance,  the excitation 
energy AE is a maximum and E 
dissociation o r  energy of formation. 

is the energy of d 

F o r  any diatomic molecule the wave func- 
tion for  the valence bond can be separated into 
covalent and ionic t e rms  

7 )  
Y * Y' 

bond = cov and ion 

It can be shown that \II concentrates the 
c ov 

electrons in the region between the nuclei and fion concentrates them around the nuclei. 
Associated with v .  is a n  energy E. and with vcov, an energy E . ion ion 

cov 

Although the theory of bonding for  a diatom- 
ic molecule can only qualitatively be applied to a 
polyatomic sys tem,  thepr inc ip le  of directed 

valence f o r  p orbitals and s p 3  hybridized orbitals 
is valid fo r  polyatomic sys tems.  This principle, 
through quantum mechanics,  imposes the require- 
ment on polyatomic sys tems that the severa l  
atomic orbitals employed by one atom in covalent 
bonding must  have cer ta in  orientation bond angles 
relative to one another. 

Crys ta l  S t ruc ture  Analysis and i t s  Limitations 

Identification of c rys t a l  structure17) by 
recording the destructive and constructive in te r -  
f e rences  of X-rays  incident on a periodic a r r a y  of 
a toms characterizing the s t ruc tu res  provides 
d i rec t  information on the relative position of the 
a toms in space  and thus yields information on 
interatomic distances and the a r rangement  of 
atoms in the s t ruc ture .  

Any periodic anisotropy of interatomic 
spacings is revealed. 
s t ruc tures  containing mixed bonding, X-ray and 
associated types of identification of the c rys t a l  
s t ruc ture  provide the only way of determining 
interatomic spacings,  bond angles,  etc. 

Thus in the cases  of 

Although all s t ruc tures  determined by the 
crystallographic method fall into one of 14 l a t t i ce  
types,  as pointed out previously, (See Table 4), 
many s t ruc tu res  with various degrees  of d i s tor tbn  
f r o m  these la t t ice  types are recognized. Exact 
identification of aperiodicit ies in a specific latt ice 
s t ruc tu re  is not easily revealed. 

Crystallographic identification only revea ls  
the resu l t  of the vector sum of forces  acting on 
the electron distribution in  placing the a toms i n  .a 
c rys t a l  lat t ice and will revea l  distortion only if 
sufficient periodicity of aperiodicit ies is present.  

7 

Method of Approach to the P rob lem 

The deficiencies in the foregoing theor ies  

Neverthe - ru les  against quantitative couplings. 
l e s s ,  it is apparent f rom the integrated interdis- 
ciplinary description of crystall ine solids that 
important qualitative associations of fundamental 
significance can  be made between the nature of the 
atoms and the i r  bonding charac te r i s t ics  and the 
t ranspor t  p roper t ies  of the resultant c rys ta l s .  

Specifically, it appears  feasible a t  this 
t ime to do the following in  view of accumulated 
data and interpretations of these  data toward i so-  
lating the required nature of improved 2 thermo-  
e lec t r ic  cooling ma te  rials. P' 

1). Select a known high 2 material and in -  
dependently descr ibe  i t s  chemical bonding, 
c rys ta l  s t ruc tu re  and t ranspor t  properties.  
2). 
f r o m  i t s  c rys ta l  s t ruc ture .  
3). Interpret  Z , thermoelectric,  and 
related t r a n s p o g  proper t ies  in terms of 
the bond s t ruc ture  and the apparent band 
s t ruc ture  derived f r o m  accumulated data 
obtained f r o m  sophisticated experiments on 
magnetoresistance and var ioas  other osc i l -  
l a tory  effects. 

4). 
rence of chemical bonding in solids and 
identify the bonding in the selected high Z 
material within this classification. 
5). 
found in solids and identify the high Z 
mate r i a l  in this classification. 
6). Using cor re la t ion  pa rame te r s  obtained 
f rom chemical bonding and crystallographic 
disciplines,  graphically re la te  basic t r ans -  
port  and band s t ruc tu re  proper t ies  with 
these  cor re la t ion  pa rame te r s  for  compaunds 
and e lements  representative of what the 
atomic table has  to offer.  

7). 
2 material in  each cor re la t ion  plot of 4, 5, 
and 6 above. 
8). Within the limits possible,  at tempt a n  
interdisciplinary in te rpre t  ation of the 
selected high 2 mate r i a l  to reveal the mos t  
significant fea tures  controlling its p rope r -  
ties. 
9). Examine the  possibil i t ies of developing 
improved high 2 mate r i a l s  i n  the  light of 
the interdisciplinary specifications deduced 
for  the high 2 mater ia l .  

Roughly generate its band s t ruc tu re  

Classify the known types and occur-  

Classify the types of c rys t a l  s t ruc tu res  

Identify the pasition of the selected high 

Besides providing the classification and 
cor re la t ion  plots indicated in 4 ,  5, and 6, i t  is 
vitally imp2rtant to recognize how the nature of 
the band s t ruc tu re  is re la ted  by band theory to the 
mathematical  formulations commonly used  to 
analyze the dependence of pa rame te r s  of the  



thermoelec t r ic  Z on band t ransport  propert ies .  

In the following sections the important 
aspec ts  of band theory, bond classification, and 
s t ruc ture  classification, and a l so  graphical 
correlat ions using Larious correlat ion parameters  
are presented.  

In application of band theory18) to determin- 
ing the t ranspor t  parameters  of sol ids .  one i s  
f i r s t  concerned with the degree of occupancy of 
the valence bands and the Brillouin zone represen- 
tation of these bands. 

If the outermost  band o r  zone is only partly 
filled, the F e r m i  level is located par t  way up the 
band and electrons near  the F e r m i  level can take 
pa r t  in conduction. If i t  is filled to capacity, no 
electrons a r e  available for  conduction and the 
mater ia l  is classified as follows. If the energy 
gap between the top of the full valence band and 
the bottom of the next higher allowed band is large, 
the mater ia l  is an  i n s d a t o r .  If i t  is relatively 
smal l ,  i t  is a n  intr insic  semicondiictor. If i t  is 
near  zero  o r  there  is an  overlap, the mater ia l  i s  
an intr insic  semimetal .  
lap,  the ma te r i a l  is a metal. 

If there  is a major  over -  

It is important to note that all band theory 
generated expressions for  t ranspor t  propert ies  
and thermoelsc t r ic  propert ies  ref lect  assumptions 
about the natu-e of the band s t ructure .  

Case  of a Simple Band 

A simple band i s  character ized by the 
energy of an  e lec t r  n at i t s  single extremum in k 
space varying as k (parabolic law). Fo r  this 
case ,  the constant energy sur faces  a r e  spheres  
centered a t  k = 0. 

-c 

2 - 
The energy s ta tes  of this  band a r e  d is t r i -  

buted over  a permit ted range of energies  and one 
can  speak of t hedens i ty  of s ta tes  pe r  unit energy 
interval  a t  any energy and the spherical  constant 
energy sur faces  a r e  given by: 
-- 

2 2  
E = E  +-- 

c 2m* 
h k  

C 

where 
E = al lows3 energy of s ta tes  
E = energy at the ex t remum of 

the band 

k = wave vector  
m = effective m a s s  of electron 

with energy E 

The density of s ta tes  is then given by 

g(E) = 4a 

W!ien a band includes a smal l  range of en- 

1. c o n t m r s  corresponding to successive 
energies  are widely spaced in  the 
Brillouin zone 
The density of s ta tes luni t  energy in te r -  
val  as descr ibed by the above e x p r i s s i m  
is high and the effective mass is l a rge  
and the velocity and. accelerat ion of a n  
electron a r e  small .  

ergy 

2. 

It follows that e lectrons with l a rge  effective 
m a s s  have small mobility in the band. Converse- 
ly ,  highly mobile charge c a r r i e r s  of low effective 
m a s s  are to be found i n  a band spread  over a wide 
range of energy t3  keep the density of s ta tes  
small. 

Density of States in Complex B a e  

As p n g  a s  the energy increases  in  the 
band as k , the energy sur faces  can be far f rom 
spherical  (e. g. , prolate  o r  oblate ellipsoidal) and 
s t i l l  the density of s ta tes  will be expressed  as 
above, provided recogniti3n is given ta  modified 
expressions for  the effective mass. 

Examples of specific expressions for effec- 
tive mass,of significance in our l a t e r  interpreta-  
tions,are as follows: 

1. If the band has  one minimum and spher- 
ica l  constant energy sur faces :  

2. If the band has  one minimum and 
ellipsoidal constant energy surfaces:  

1 - 
m* C = ( m  m m X Y  

3. If the band n a s  N minima a t  symmetr i -  
ca l  points in the Brillouin zone: 

2 1 - - 
12) 

3 3 
m * = N  ( m m m )  

X Y Z  

8 



4. If two *3r m o r e  separa te  bands. each 
with a single e.utremiim, having masses  
ml ,  and m ,  e tc .  a r e  degcnerate in 

energy a t  their  ex t rema,  the tots1 den- 
sity of s t s tes  .:an be exp-essed in t e rms  
of the above equation for g ( E )  with: 

- 

As we will sec l a t e r ,  the rliif'2rctiL;.i:i>n 
bet+vv-.c 1 .:as:: (4)  an3 cas:? (1) i s  of g rea t  signifi- 
cance in characterizi , ig 'iigh Z ther:no+:!e,:tric 
and thermomagnetic cooling mater ia l s .  

Concept of F e r m i  Level and Degeneracy for Case 
of a Simple Band 

In o rde r  that we can deal with charge t r ans -  
pori in bands 3 E  e lec t r sn  s ta tes  occurring i n  
crystall ine solids,  the position of the F e r m i  level, 
Ef,  relative to E I the bottom of the conduction 
band o r  E , the ?o> ~f the valence band is of great 
significance. 

V 

If a band containing electrons (e,  g,,by the r -  
m a l  excitation) with minimum energy E 
above E,, then the density of electrons in this 
band will be given by: 

is well 
c 

where 
E 

f ;  the reduced F e r m i  level 
kT of the c rys t a l  for E 

assumed to be the z:ro 
energy re ference  

3 

= -- 

- 
= (2rh;*k-x) 2 ; the "effective" 

s ta tes  in the 
conduction band 

C density of 

m* = density of s ta tes  effective m a s s  
F ( 5 ) = F e r m i  integral  1 

2 
- 

In the c a s e  where the F e r m i  level is suffic- 
iently far below the conduction band ex t remum,  
Ec ,  = - 2  and the F e r m i  Integral  can be r e -  
placed by a s imple  approximation and then ( case  
of non-degeneracy). 

< 

15) 
€ n = Nce 

On the other hand, if  the charge  c a r r i e r  

9 

concentration, n , i n c r e a s e s  in the conduction 
band, 
positive valued. F o r  such cases ,  the expression 
for  n containing the F e r m i  integral  must be used. 
( case  of degeneracy). 

f becomzs l e s s  negative, zero  and then 

In r ega rd  to hole conduction in  the top of 
the valence band, it can be shown that 

2 
N F ( -  e - [ )  16) 

np =- c 1 
2 

where 
E 

kT 
f = J  reduced energy gap 

E 

kT 
5 = f reduced F e r m i  level - 

Examination of the effect of degeneracy on 
the t ransp3r t  pa rame te r s  characterizing the elec- 
trons in the conduction band o r  holes in a valence 
band is highly significant i n  l a t e r  interpretations.  

. 

In general  i f  the density of states effective 
m a s s  i s  smal l  and therefore  the mobility is l a rge  
in the conduction band, the n /cc,  density, at 
which >-2, will be a lowerevalue at a given 
tempera ture  than if the effective m a s s  is l a rge  
and the mobility i s  smal l  i n  the conduction band. 

The effect of degeneracy is to reduce the 
average  electron mobility of the electrons in the 
conduction band. 
- 

At a constant value of n / c c  in the conduc- 
tion band, we expect to find theat there  wil l  be a 
specific tempera ture  below which the electron 
energy distribution in the conduction band will be 
degenerate.  This tempera ture ,  characterizing 
the onset of degeneracy, will be lower,  the higher 
the effective m a s s  of the band, and therefore  the 
lower the mobility. 

Of significant importance is the occurrence  
of degeneracy in a group of separa te  conduction 
bands with the same  value of E at the ex t rema.  
W e  note that a condition f o r  the i r  being separa te  
and having the same E 
the s a m e  for  all of the&, 
f o r  degeneracy applies to each band separately.  
This recognition is of g rea t e s t  importance in  
interpretation of t ranspor t  data on high Z m a t e r -  
ials with Z 

c 
is that the Fermi leve l  is 

However, the condition 

at relatively low tempera tures .  
max - 

Transpor t  Equations f o r  Conduction and Valence 2 

Bands 
---_ ---- 

In genera l  the t r anspor t  equations applying 
to a simple band a r e  all that is basically n e c e s s a y  
f o r  our  considerations,  assuming E vs .  k 2 



applies and conduction i s  e i ther  by electrons o r  
holes,  providing we (1) i n se r t  the proper expres-  
sion for  m* the total effective m a s s  in the equa- 
tions which apply to the conduction band s t ruc ture  
of the measu red  mater ia l ,  ( 2 )  make any other 
adjustments which a r e  demanded by the m* T 
expression and ( 3 )  observe the use of F ( f ) o r  

e‘ 
degeneracy range of tempera ture  for  the particu- 
l a r  value of charge  c a r r i e r  concentration i n s h  
band . 

T’ 

1 
2 
- 

\&en respectively in the degeneracy o r  non 

Briefly the t ranspor t  equations of in te res t  
to us a r e  a s  follows fo r  a single simple band, 
(although we consider electrons,  these equations 
apply equally well to holes). 

E lec t r ica l  Conductivity u 

e = ne “’e 17) 

pe i s  the mobility of electrons in the 
band. 

Mobility, p 
e - 

“e  = - eT 18) - m* 
T i s  the average relaxation 

t ime of electrons due to 
whatever scattering occurs 

Relaxation t ime, r 

0 19) 
r =  T E ~  

T = relaxation t ime of an 
electron assuming a 
rigid latt ice and sca t -  
tering of electrons by it 

independent of energy 
of the electron and i s  
only dependent on temp- 
e ra tu re  

T = coefficient which i s  

ES = the power dependency of 
Ton electron energy 
which reflects the type 
of scattering 

The values of s applying to the three  types 
of electron scattering commonly encountered a r e :  

1 
2 
1 

s = t -  
2 
3 

s = t -  
2 

s = -  - acoustic mode 

optical mode 

ionized impurity 

- 
When < - 2 (non-degeneracy), Tapproaches 

a constant value as mentioned previously; )I de-  
c r e a s e s  when [ > - 2 and the F e r m i  level comes  
c lose r  to the bottom of the conduction band. The 

la t te r  is a d i rec t  resu l t  of the fact that T’ decreases 
a s  degeneracy se t s  in. 

Thermoelectric power, S 
k 

S = - - ( & - f )  20)  

5 6 = s t -  
2 

if T i s  given b y r  = T 

where 

ES and 5 < - 2 
0 

o r  

where 

and 

fk Hall constant, 

5 
2 ’  

i = s + -  T = T  E‘ 
0 

f > -  2 

RH = (genera 22) 
c a s e j  

n e  e 

= 1  __ f > > - 2  
n e  

e 
31T 1 
8 ne 

- - -  - f c - 2  

Electron thermal  conductivity, k _  

23) 

where 
5 .  b =  s t - l f  f < - 2  
2 

(E) i f  € > - 2  

24 1 

5 
o r  

(s t - F  
2 S t 2  

( s  t-) F (E)  2 S t L  

2 
3 

6 =  

2 

Lattice the rma l  conductivity, k 
Ph 

This t ranspor t  pa rame te r  is a resu l t  of 
Jus t  as the re  a r e  electron phonon t ranspor t .  

bands in a c rys t a l  lat t ice the re  a l so  a r e  allowed 
phonon bands o r  modes.  

Two expressions a r e  given here .  The first 

N was 
is a generally applicable one and the seco  
de rived quantum mechanically by Lawson 
t e r m s  of measurable  pa rame te r s  of the s t ruc ture .  

in 

25) 
1 

k = -Cv l  
Ph 3 

C = lat t ice specific heat 

I 10 

I 



v = velocity of sound waves 

1 = phonon mean f r ee  path 
in the latt ice 

2 2  
3 d X  Y T  

r = distance between nea r -  
e s t  neighboring atoms 0 

d = density - average mass 
per  atom divlded by 
average volume occu- 
pied per atom 

Y = Gruneisen parameter  
for a solid- obtainable 
f rom the rma l  expan- 
sion data - contains 
effect of anharmonic 
forces  in the latt ice 

X = com2res  sibility of the 
c rys ta l  

If simultaneous conduction occurs  in  a s im-  
ple valence and conduction band the following 
modifications apply. 

S = S G  + s o  
e e  p P 

0 + u  
e P  

where 
S 
aeposititve sign and S 
S 

prPession for s of a single 
band with appropriate substi- 
tution of ( 5  ) and ( - e-  4 ) 

has  a negative sign and S 

a r e  both given by t%e ex- 
and P 

(neC'e f n v  p p )' 

k = k  + k  + k  30) 
T e ph amb  

where 
= ambipolar contribu- 

tion due to electron- 
hole pa i r s  

kamb 

E = energy gap t 
2 
kT 

Expression fo r  F igure  of Merit ,  Z 
-I---- P 

We know that the Figure-of-Merit of a 
thermoelectric ma te r i a l  is given by: 

31) 

F r o m  the foregoing discussion we see  that 
if  a simple band charac te r izes  conduction in the 
mater ia l  and f < = - 2. 

T [1 + ( S  + $)(k2NckLT):] 

Ph 

Examination of this express ion  revea ls  that 
[ , the reduced F e r m i  energy, is the factor which 

must  be maximized in  o rde r  to maximize 2. 

By taking the  derivative of Z in respec t  to 5 .  
I 

and setting i t  equal to ze ro ,  the 5 value f o r  Z 
can be found. m u  

F r o m  this expression we can fur ther  deduce 
that a t  maximum 5, the highest Z should be ob- 
tained if the following expression is maximized. 

312  s t 112 
A a (m*) e L 34) 

k 
Ph 

Discussion of Maximizing Z 
E 

In F igure  3 the relationship, for  the  case of 

e' kP' and 

in  F igure  3 is not only f c  maximized in  r ega rd  to P 

one s imple  band, of t rends  of S, a , k 
Z , as a function of increas ing  charge  c a  r i e r  
cBncentration is given. 
nize that these  relationships represent  the c a s e  of 
the F e r m i  level, E E . In other words the Z 

concentration of electrons but a l so  in  regard  to 
the tempera ture  a t  which the F e r m i  level is nea r -  
ly coincident with the bottom of the conduction 
band. 

It is important to recog- 

As shown in  F igure  3,  at one charge  c a r r i e r  
concentration, Z will i nc rease  i f  S and a both 
inc rease  o r  one Bf these  inc reases  and the other 
s tays  constant, providing k s t ays  constant and 
k 2 k . Another variatioXhof in te res t  is to 
Aamntai: S 2  u constant and dec rease  k 

h 
Ph' 



They can be distinguished as follows 

Ionic 

Z (figure of rnertr) 
I 

INCREASING 
VALUES 

, \  

NUMBER OF CHARGE CARRIERS/& (Nor P TYPE) 

F i g .  3 .  Relationship of Z S,k and c: t rends a s  

a function of number of extrinsic charge c a r r i e r s  
for a given mater ia l  at a constant tempera ture .  

P' T 

Because of the interlocking relationships 
between band s t ruc ture  parameters ,  concentra- 
tion of charge c a r r i e r s ,  and temperature  a t  which 
degeceracy occurs  fo r  the maximized concentra- 
tion of charge c a r r i e r s  we appear to have a way 
to deduce the maximum Z f o r  a selected tempera-  
tu re  for  the case  of a simple band. is requires  
setting the charge concentration a t  10 cc and 
finding the mobility when the F e r m i  level  is at 
the bottom of the s imple conduction band. Al- 
though this answer is very  desirable ,  unfortun- 
ately i t  precludes that we know the range of band 
s t ruc ture  pa rame te r s  for  all the s imple band 
crys ta l s  which the atomic table could ever  offer. 
That is,the effective m a s s  for a s imple band with 
spherical  constant energy sur faces  in the case  of 

one hypothetical c rys t a l  is different than another, 
since actually the s imple  band parameters  change 
with interatomic 9 a c i n 3  

38; 

-- 
This specific discussion emphasizes the 

theoretical difficulty of determining via  band 
theory the Z for  even a s imple band. 

max 

Despite the indeterminacy of Z for  a n  
optimized s imple band, we can  c o n c l x i n  a 
relat ive fashion that the highest 2 mate r i a l  will 
be one having a low k 
mized by increasing,  'k~ the la rges t  possible 
value, the number of separa te  bands charac te r -  
ized by ellipsoidal constant energy surfaces  which 
have the same  ext rema energy. 

for  which m* is maxi- 
T 

Types of Chemical Bonding in  Solids 

There  are four main classifications of bond 
types between a toms of the periodic table. These 
are  ionic, covalent, metal l ic ,  and Van de r  W a a l s .  

No sharing of e lectrons between adjacent 
a toms;  - no directional charac te r i s t ics  of 
the bond. Atom packing arrangement  in 
c rys ta l  is determined by the radii and geo- 
met r ica l  principles of ionic c loses t  packing. 

Valence electrons a r e  t ransfer red  f rom 
atoms of one type to atoms of a second type 
to produce ions which a r e  oppositely charg-  
ed and which locate themselves  in  an  a r r a y  
such that the at t ract ion between oppositely 
charged ions counteracts the repulsion be- 
tween ions with the same  charge. 

. 

The NaCl cubic pr imit ive lattice s t ruc ture  
is  usually assumed i n  such combinations. 

Covalent 

Valence electrons of neighboring atoms of 
different kinds a r e  shared.  
is high between the atoms and has  a distinct-. 
ly directional charac te r .  
The directional charac te r  is determined by 
the nature  of the atomic orbi ta ls  involved in 
bonding. 
The radi i  of a toms bonded covalently de-  
pends on the type and strength of the bond. 
These radi i  are normally less than radi i  of 
electronegative ions and normally l a rge r  
than those for  electropositive ions. 

Charge density 

Metallic 

The overlap of bonding orbi ta ls  is so  pro-  
fuse,  the valence electrons a r e  shared  by 
all the a toms of the c rys ta l  - effectively 
forming an  a r r a y  of positively charged ions 
in a "sea" of negative charge. 

Van der  W a a l s  

This type is charac te r ized  by very  weak 
interaction of valence electrons and is 
found to occur  between molecules in  molecu- 
lar c rys ta l s .  

Ionic bonds have an energy E. predomin- 
1 0  

antly controlled by the difference in aec t roneg-  
ativity of the a toms,  

A-B 
OC (xA - xB)2 3 5 )  

Eion 

where 
X is electronegativity of a tom 

A A using Pading ' s  scale 

XB same a5 above for  a tom B 



Covalent bonds have an energy E--.- p r i -  
mar i ly  determined. by the .ei-ze-oJJhe at"o"r;;s and. 
their  atomic wei-ght ?.n compounds where there i s  
only one rype of covalent bond. E can be 
expressed  as  the s r i thmet ic  rneanc:??the bond 
energies.  

A-A B - 5  1/2 
E = (Fd  Ed 1 36)  

c ov 

where 
I ,  A 3 -F 

a r e  the e x p e r i -  
mentaLly de te r -  

d 
F a.nd E, d 

mined diss0ci.a- 
tion energies of 
th- bonds b e -  
tween sirni1a.r 
a toms.  

Thc dissociation energy 0 1  heat of forma,- 
tion E '-? of a rqolecu1.e ~ 3 . ~ 5  2 rileasilre of the 
cov 1 r.t bon6 e.nergy, E 
E 

F1U.S E ,  . ' d  
2-T3-. a o  n 

is ca i l sd  a r iag lcgxnd e n e r g v  
d 

G v a l e n t  bonding i s  the mos t  interesting 
form of bonding since i t  is directional in cha r -  
ac t e r .  In Table 5 ei-ght types cf covalent bonds 
a r e  l isted.  Also.  the .?  I eletive strengths,  boEd 
angles. and number ci b0p.d.s a! F. Shawn. The 
directional bonds shown h e r e  ax F- e i ther  a p 
orbital  90°bond o r  some  fo rm cf rmybrldized p 
orbital  bond. rlybridization of p ozhitals is 
posslb1.e with 3 ancl/cr d orbitals.  

ri.ght side 31 the atornic tab!e,shawn in Table 6, 
the s 075itaI elec.trons tend to become a par t  of 
the ncr j .euc  and. only the p orbi.te!s ac t  i n  honding. 
In this caee,  the s orbitals a r e  nonbonding 
orbitals.  The fovrtl-8 i 2 ~ i z a t i o n  ot ntial f o r  
a toms in this g r ~ u p ,  havl-ng an  s p 
i s  -much l i r g e r  t h a . ~  the f i r s t  thiollgh the third. 
As,  Sb, and Bi ia l l  into th . s  classification. 

$ 5  
configuration, 

I I i A  WP HP H A P I I A  

- lndlcntes demcicotton between "mer1 pa!r"qroup to riphi 
nnd rest of table to left 

T * t  e 5 C -  ~ C S F i ~ N F B ~ T I V I T v  CH4RT 5F THE E L E M E N T S  OF THE ATOMIC 
T4RI.F 

If p ~ r t  F- crb-tal  b0nd.in.g C - C U X S ,  one ex- 
p-c ts  an cctiFllr3drd coordination but often one 
'-inds a t r igcra l  corlfiguration with the three  bonds 
a t  right angles with one another.  Fvidence that 
ruch bonding c)ccurs in As,  Sb, and B i  is seen  in 
the c rys ta l  strTJctu1 e 0.f these elements.  
f o r m  rhombohedral crysta1.s with tr igonal sym-  
m a t r y .  
Sb, and B1. 

They 

Figure  4 ill-vstrates thls s t ruc tu re  for  As,  

T I A L E  5 

COVALENT - 30ND TYPES 

Na of Orbiials C h a r a c t r n s t l c  Bond.ng Rc-at ivr  
---I_ B o d 8  G r d  ~- *"&IC . __ __ Strength. 

I ~ ...... i so0 

3 P Uut,,+'ly p?rpend.cular ( S O  I 7 1 2  

4 % P 3  T-frah-dra: (109J28 1 2.000 

3 bybrid  3 - p  Planar ( 1 2 0 ~ :  1.99' 

2 0 -P Linea. I 932 

b d'ap3 Octahedral L 923 
ap'd? 

6 /1 5 p  r..gO.s! P r m m  2 983 

4 dspt sp.2iie 2.694 

The p -orbital  type of covalent bond is a 3 
el.ectron-pair bond and is especially interesting. 
It i s  expecte cr  atorris w?.tb an  outer shell  con- 
figuration s p . Therefore ,  i t  i s  c3mmo11 tc  N,  
P, As,  Sb, and Bit  In these c s s e s ,  the s orbital  
is fi?led. and the 3 p orbltals a r e  half fi.L!.ed. (one 
e lec t ron  each).  
valence bondi-ng reqvi-res that th.e t h ree  p orbitals 
be spatially orj.ented a t  right angles with one 
another 

95 

Flg 4. Rbomhoh.cdra.1 c rys ta l  s t ruc tu res  cha r -  
The ccndition of dirertionalj.ty f o r  a c t e r i s t i i  of . A S , % ,  E - .  

Each pure  p-orb i ta l  has  two lobes,  one on 
each. sid.e oi  the  atom. Therefore ,  3 p orbitals 
have 6 lobes exter?d?.ng out f r o m  the a toms  at In the "inert  pair" group of elements on the 
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right angles wi ne another. In the case  of the 
" iner t  pair" s p elements,  the level of occu- 
pancy of these lnhes will be one unpaired electron 
in three  of the s ix  lobes.  

F ?  

A stable valence bond i s  a n  electron pair 
bond involving two electrons of opposTte spin. In  
o rde r  for pure  p-orbital  bonding "inert  pair" 
elements to establish a stable valence bond, each 
bond between two a tcms is a half bond containing 
one electron. 
necting one such atom to i t s  neighbors to provide 
the equivalent of th ree  electron pair bonds. 

Six half bonds a r e  made in con- 

Each 
pure  p-orbital  bond therefore only h a s  half the 
strength of an  e lec t rcn  pair  bond. 

In o rde r  for  pure p orbital  bonding to occur 
between two d iss imi la r  a toms A and F, they must  
have a minimized sma l l  difference in electro- 
negativity and a relatively la rge  separation of s 
and p orbitals in both a tcms.  

Resonance Bonding 

Resonance bonding is cloaely related to 
p-orbital bonding and is a special  fo rm of 
covalent bonding. Single bond energ ies  can only 
be derived f rom molecules wi.th simple electron 
pa i r  bonds. Bond energies in a polyatomic 
molecule with coordinate links cannot be so  
determined. 
molecule case ,  the bond energy determination is 
l imited to c a s e s  where there  i s  no resonance be- 
tween s t ruc tures  with different electron config- 
urations.  

Fu r the rmore  even in the diatomic 

Jus t  as a n  a tom has  a number of d i scre te  
energy s ta tes ,  r e f e r r ed  to a s  orbitals o r  eigen- 
functions and distinguished by a se t  of quantum 
numbers.  so a l so  a m2lecule has  a ground state 
and a sys tem of orbitals.  Each state of a mole-  
cule is represented  by a wave function 
associated with it a n  energy. 

and 

If a sys t em of a toms has  two possible 
s t ruc tures ,  Y and Z ,  and wave functions'? 
yz in the minimum energy s ta te ,  then wavz  
mechanics tell  u s  

and 

37 ) 

is a possible wave function of the system. 
most  stable configuratjon of the sys tem could be 
obtained, i f  the ra t io ,  b / a ,  giving the wave func- 
tion corresponding to minimum energy, were  
known. 

The 

When coefficients a and b a r e  comparable 
in  value at minimum energy, the minimum energy 
s ta te  involves both s t ruc tures  and resonates be- 

tween the two. The wave function corresponding 
to minimum energy is lower than the  minimum 
energy of either s t ruc ture .  

This concept is not l imited to two, but is 
applicable to any number of s t ruc tures  subject to 
the following important restrictions:  

1. 

2. 

The same  number of unpaired electrons are 
present  in each s t ruc ture  
The s t ruc tures  have the same  general  con- 
figuration of nuclei 

- ~ - - _ -  

Organic chemis t ry  tells  us  a resonant 
bonded molecular sys tem is stronger.  the longer 
the conjugated chain. 
valerrce arld antibond energy bond widths to be 
grea te r  than without resonant bonding since there  
a r e  a grea te r  nLlm.ber of electron pa i r  bond s ta tes  
encompassed and hecause none of them can as- 
sume the same  energy (Pauli Exclusion principle) 
in the resonant state.  As a resu l t  of the fatten- 
ing o r  broadening of the bands of bonds, the 
excitatioq energy can be expected to decrease .  
Fur ther  in a relative sense,  the interatomic dis- 
tance over lvhich the resonance i s  occurring will 
decrease  and the dissociation energy, Ed, will 
increase  . 

Therefore we expect the 

Considering the requirements for  pure 
p-orbital  bonding, t he re  is a high probability of 
a l so  finding resonance bonding in  the same  
system. 
the establishment of a stable valence bond, the 
s t ruc tures  which a r e  formed by elements able to 
make a pure  p-orbital  bond mus t  necessar i ly  con- 
tain highly directional complex molecules o r  
special  bonding charac te r i s t ics .  

To  m e e t  bonding angle requirements and 

Molecules bonded by resonance polymerize 
(cross-link) to pa i r  up unpaired e lec t rons .  

P orbital  bonding and resonance bonding 
between molecules is charac te r i s t ic  of Se, Te,  
and a l so  I c rys ta l s .  Between double l aye r s  such 

bof+P% Bi . . Figure  5 (after Krebs  i l lus t ra tes  
bonding, bonding angles,  atomic a r rangement ,  
c rys t a l  axes ,  and the directions of resonance bond 
chains i n  As,  b, and Bi c rys ta l s .  F igure  6 
( a f t e r  Krebs)" does the s a m e  fo r  hexagonal Se 
and Te. 

is found in  black phosp Pg;2gr As. S b a n d  

A striking and important charac te r i s t ic  of 
the As,  Sb, and Bi s t ruc tu re  is the latt ice builds 
up from discre te  two dimensional double layer  
molecules,  within which the a tom separation is 
charac te r ized  by one distance,  while between 
which the nea res t  a tom separation is cha rac t e r -  
ized by another longer distance. The Se and Te  
la t t ices  build up by para l le l  alignment of one 
dimensional molecules.  This leads  in  both c a s e s  

14 



to anisotropic latt ice spacings, as shown in Table 
7 .  

c r e a s e  with increasing atai-riic weight. 
means  that resonance bonds between planes and 
chains a r e  becoming s t ronger  with increasing 
atomic weight. 
the expectation that as 2 decreases ,  the c rys ta l s  

will show a change f rom Insulating to semicon- 
ducting properties.  

In F igure  7 ,  we note that the rZ ra t ios  de- 
-5 

This 

This observation c a r r i e s  with i t  

r l .  

\ 

a) Representation of atomic a r rangement ,  
bonds, and resonance chains in double l aye r s  of 
A s ,  Sb, and Bi  c rys ta l s ,  showing 3 fold, binary, 
and bisectrix axes.  (The resonance chain between 
layers  i s  indicated by 
distortion of p orbitals between planes by ---; and 
the octahedral p-bonded a tom by@) 
(after Krebs"). 

- - -  -; the  degree  of 

b) Two dimensional representation of 
. resonance  chain in  As, Sb, o r  Bi c rys ta l s  i l lus- 
trating unsymmetrical  overlap of p-orbitals 
(after Krebs2'). 

Fig. 5. 
axes and resonance bond chains in A s ,  Sb and 
Bi  c rys ta l s .  

Bonding, atomic a r rangement ,  c rys t a l  

a). Hexagonal Se o r  Te  s t ruc ture  showing r e so  
nance chain---- - . (The (x) and ---- il- 
lus t ra tes  p orbital  octahedral bonds between 
chains) (a f te r  Krebs).  

Se-Se Se Se-Se 

so se-SB se-se 

b). Chemical formula 

F ig .  6 .  Krebs'l 'representation of Se o r  T e  
s t ruc tu res  (a) showing resonance chain and (b) 
formula for resonance chain. 

Krebs  19-21) has  found that superimposed 
resonance bonding not only occurs  in  the  c a s e s  of 
pure  p-orbital  bonding but a l so  in cases of v a r i -  
ous var ia t ions  of hybridization of s and p orbitals.  
Resonance was investigated in PbS, PbSe, PbTe,  
Bi2Se3, SbZTejI Bi 2 2  T e  S, Sb2S3, Bi2S3, Sb 2 Se 3' 

Bi2(SSe) 3' GeS, SnS, CuSbS2, HgS, Tis2 ,  NiAs 

type s t ruc tures ,  Laves phases and var ious  CdI 2 



type s t ruc tures .  In general ,  resonance is 
re ta r&d when light and heavy atoms a r e  bonded as 
shown by the lack  of c rys ta l  symmetry.  

.- ._ I 

n 

L I I I I 1 1  1 "  

0 40 10 120 I60 200 240 
ATOMIC WEIGHT 

Fig. 7 .  Dependence of the rat io  of interatomic 
distances for  Group 11, Group V, and Group VI 
elements on atomic weight. 

Correlat ion P a r a m e t e r s  

Although the theories  of bonding and those 
of band s t ruc ture  and t ranspor t  propert ies  can not 
be connected quantitatively, semiempir ica l  link- 
ages between types of a toms and nature  of bonding 
and the var ia t ions i n  Z and associated t ranspor t  
parameters  of bands can be obtained via var ious 
correlat ion parameters .  

Electronegativity 

Electronegativity is one correlat ion para-  
me te r .  lectronegativity, as defined by 
Paulingl', is the ability of a n  atom to a t t rac t  
e lectrons to itself. 
ity X of a atom A is a chemical  charac te r i s t ic  
which reflects the difference of the energies  of 
the reactions. 

Therefore  the electronegativ- 

A +  e)A- 
A + A  + e  

38) 

39) 

The f i r s t  react ion gives the electron 
affinity as the m e a n  of the electron at t ract ion of 
the a tom and the negative ion. The second 
reaction gives the F i r s t  ionization energy_ as the 
average of the electron attraction.of the a tom and 
the corresponding positive ion. Table shows 
the electronegativity values in  Pauling' s units 
assigned to each of the elements. 
electronegativity values  are based on the average 
valence exhibited by the atoms.  Many a toms can 
bond using var ious valences so for  this  reason 
electronegativity values  must  be carefully used. 

These 

In a compound, the difference in  electronegativity 
of the elements  composing it will control the 
degree of ionic charac te r  of the bonding. 

Electronegativity values for  the elements  
do not te l l  the ro le  of polarizibility and polarizing 
powers of the individual a toms in unionized o r  
ionized states. 

Polar izat ion and Polar iz ibi l i t ies  

In general ,  the grea te r  the principal quan- 
tum number,  the l a rge r  the number of valence 
electrons,  the g rea t e r  the polarizibility and the 
smal le r  the polarizing power of the element. 

When one combines a highly polarizable 
element with a l e s s  polarizable one, the driving 
electrostat ic  field will cause the electron s t ruc -  
t u re  of the highly polarizable a tom to become dis- 
torted, thus tending to  decrease  the electronega- 
tivity difference, determined by Pauling's method 

It is expected that a specific percentage of 
psuedo-covalency of a bond, achieved by the 
presence of continuous polarization forces  in  the 
c rys ta l  la t t ice  (common i n  cases  of p orbi ta l  
directional bonds) will influence the band s t ruc ture  
and i t s  t ransport  p roper t ies  in  a manner  such as 
to induce anisotropic mobilities whereas pure 
covalent bonding is expected to give isotropic  
electron and hole mobilities. 

The percentage of pmedo-covalency could 
be est imated i f  a prec ise  knowledge were avai l -  
able about the electrostat ic  potential as a function 
of the space coordinates i n  the whole lattice. 
is equivalent to  an  exact identification of the 
charge disturbution in  the whole lattice. 

This 

Ionicity 

A method of separating out the ionic con- 
tribution to a bond and dealing direct ly  with the 
psuedo-covalency of a mixed bond is provided 
through 
Pearson", and Folber th  

the charge configuration of the pure ionic s ta te  
for  a bond between two atoms.  
re fers  to the pure covalent state. 
ionicity of 100°/o a l so  descr ibes  the pure ionic 
state but ze ro  percentage effective ionicity des -  
cr ibes  the neutral  bond state. 

concepts, proagred by Mooser and 
of formal  and effec-  

tive ionicity. F o r m a l  ionicity of 100 0 /o r e fe r s  to 

Z e r o  percentage 
Effective 

Figu5%,8 pictorially show Mooser and 
Pearson 's  concept of the sp  te t rahedra l  bond 
scheme in Group IV elements  and 111-V, 11-VI, 
and I-VI1 compounds. A comparison of this  bond 
scheme for  the c a s e s  of formal  and effective 
ionicity is shown. F igure  9 i l lus t ra tes  idealized 

3 
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bonding schemes f o r  neutral ,  covalent and ionic 
bonds f o r  111-V compounds. 

Fig.  8. Bond scheme for diamond-like semicon- 
ductors.  

* .  
.P. 
''/\TOMS'' "COVAL.LNT" "IONIC" 

Fig.  9. 
schemes.  

Pictor ia l  diagram of idealized bonding 

The relationships between percentage formal 
and effective ionicity for GroupIV elements,  and 'T",;'; i$>y,I and I-VI1 compounds a r e  shown in 

TABLE 8 

FORMAL IorncITY AND EFFECTNE IONICITY 

O F  DIAMOND-LS(E SEMlCONDUCTORS 6) 

I EueIeEtl". ch.r.e of rhe Lattrce sue. 

Type of Compound 

" Ami-ionic "Ionic .t.tC" 

.t.td' 

We note 

1. the effective ionicity scale does not 
contain the anti-ionic state 
there  is a different correlation 
between effective charge and ionicity 
on the formal  ionicity scale  a s  com- 
pared to the effective ionicity scale.  

2. 

The electronic charge distribution in a com- 
pound crystal  can thus be treated a s  a result  of 
the separate  bonding factors  determining it. 
These a r e  

1. the bond scheme which characterizes 
the binding of the atoms in the 
c rys ta l  

2. the relative polarizibility and 
polarizing powers of the cations and 
anions involved. 

3. the influence of the radii  ratio of 
the cations and anions 

24, 25) It can  be shown that bonding in c r y s -  
tal  compounds can be character ized by ionicity 
parameters  as follows 

where 
A = atomic ionicity due to bond 

scheme 

- e* = polarity parameter ,  which 
i s  the residual ionicity 
remaining in the bonding 

aft e r the polarizability and 
radi i  ratio effects a r e  sub- 
t racted f rom the difference 
between atomic ionicity and 
the actual ionic contribution 

Mean Atomic Weight 

With increasing mean atomic weight of the 

In such a progression it 
cations and anions in compounds, the average 
atomic radii  increase.  
is found that single bond energies ,  heat of forma- 
tion, and excitation energy al l  decrease  as shown 
in F igures  s a n d  11. 

Therefore ,  this character is t ic  of any 
mater ia l  reflects the nature of the atoms involved 
and s e r v e s  as a correlat ion parameter  with band 
s t ruc ture  and t ranspor t  parameters .  



SINGLE BONO ENERGIES (kcallmole) 

Fig.  10. Relationship of excitation energy. 3E ,  
in ev t o  single bond energy in kcal /mole.  (After 

Gatos e t  a1 "I). 

2 ! I 

PbCIZ 
C d l Z  

ZnSb Cd3'L% PbS 
P b l  

I I I I 
~~ 

0 1 2 3 4 5 6 
HEAT OF FORMATION, (ev 1 

Fig.  11. Relationship between excitation energy, 
A E ,  in ev,  and the heat of formation in ev (after 

Gatos et a126)). 

Bond Strength 

In a m o r e  restr ic ted sense ,  that i s ,  among 
predominately covalent bonded mat  e r ial s , bond 

strength can be used as a correlation parameter .  
As shown in Table 5 the number of single covalent 
bonds made by an atom with neares t  neighbor 
atoms i s  proportional to bond strength.  
both electron pair  ( f u l l  bond) and unpaired electrai  
(half bond) bonds a r e  known, the la t ter  occurring 
along with variable strength resonance bonds, 
this variable i s  m o r e  qualitative hut very signifi- 
cant. 

Since 

Anisotropy Ratio 2 of Interatomic Spacings 
rl 

This parameter  a lso has  a limited applica- 
tion but i s  quite significant in regard to i t s  degree 
of influence on band s t ructure  and t ransport  pro-  
perties.  

The combination of the bond strength para-  
meter  and the anisotropy ratio parameter  work 
together to impose major  effects on the band 
s t ructure  and t ransport  properties.  

Application of Correlation P a r a m e t e r s  

Electronegativity 

Trends which a r e  found in E 
pa, apparent mobility, ii, average 
tum number among representative compound 
s e r i e s  as a function of the electronegativity diff- 
e rence  parameter  a r e  shown respe 
Figures  12 and 13, 14 and 15, and 16 . 

m-P COMPOUNDS 
0 II-H COMPOUNDS 
>< GROUP ZC ELEMENTS 

ELECTRONEGATIVITY DIFF., AX 

Fig .  12. Relationship of energy gap, E to  Elec-  

tronegativity difference,  DX, f o r  Group IV ele-  
ments  and 111-V and 11-VI compounds. 

g' 
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Fig .  13. E v s  CX relationship for  other com- 

pounds and elements.  
g 

Briefly these  reveal the following. E 
inc reases  with increasing A X  in  a l inear  f a h i o n  
within any one series,III-V, 11-VI, e tc .  Apparent 
charge c a r r i e r  mobility generally dec reases  with 
increasing A X ,  beyond A X  = . 2. However a 
definable peak value i s  reached a t  G X . 2. 

\ LCdT.\ \ 

r 

wduon ttructw 
octohedml 
Coordrnatmn 

4 

e 

e 

Be e. 08 e 

e 
e 6 

8 Coordlnotron 

0 Zinc blende, Wurtriie, Chakopyrrie s I rUCtu~s 
Teirohedrol 

I; 

0.5 1.0 15 20 2.5 3.0 
ELECTRONEGATIVITY DIFFERENCE Ax 

Fig .  16. 
b e r  Ti, t o  electronegativity, AX, fo r  s t ruc tu res  
with cubic close-packed anion subs t ruc tures  and 
te t rahedra l  and octahedral coordination (after 

Relationship of principal quantum num- 

I I I I I I J 
2 4 6 B 0 u 

ELECTROYE64llVlTY DlFF . A X  

Fig .  14. 
t o  electronegativity difference for  Group IV ele-  
ments  and 111-V and 11-VI compounds. 

Relationship of charge c a r r i e r  mobility F igu re  2 shows the work function of the  
elements  i nc reases  with increas ing  electronega- 
tivity X of the elements.  
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0.5 1.0 L5 20 

ELECTRONEGATIVITY 

Fig. 17. Relationship between work function of 
elements and their  electronegativity. 

Ionicity P a r a m e t e r s  

The electronegativity difference a s  a 
correlation parameter  is not a s  r-gvealing as the 
ionicity pa rame te r s  A ,  A Heqgwever, 
considering the problem in m e a s u r i n g r  
l imited va1i::jty of the "bond approximation' '  in 
calculating F,  
be placed on the t rends  observed may be slightly 
less .  

e e,. , a n d r .  
and the 

the degree  of reliability which can 

Fig .  18. Relationship of ionicity parameter ,  h ,  
and AX, for  many compounds with different bond 
schemes .  

Fig.  19. 
and mean atomic weight fo r  many compounds with 
different bond schemes. 

Relationship of ionicity pa rame te r ,  A, 

In F igure  18 the correlation of the ionicity 
pa rame te r ,  A ,  with the electronegativity para-  
m e t e r ,  A X ,  is shown. 
tive influence of the A o, atomic ionicity, a n d r .  e -- 
In F igure  9, we note how A and A 

We note 
A - A approaches ze ro  for  each s e r i e s  with in-  

This i l lus t ra tes  the reJa- 

vary  among 
various compounds with atomic weight. 0. 

creas ing  Q atomic weight. 

I 
I 

~ 

0 + g ,  POLARITY PARAMETER 

Fig. 20. 

po lar i ty  pa rame te r ,  E* fo r  e lements  and com- 
pounds with seve ra l  'types of bond schemes. 

Dependence of electron mobility on the 
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F i g .  21. Dependence of the lattice thermal  con 
ductivity on the polarity parameter ,  c, e* for 
e lements  and compounds with various bond 
schemes.  

1 
Dependence of effective m a s s  ratio, 7 

m 

m Fig.  22. 

on the polarity parameter ,  - e* , for  compounds 

and elements  with various bznd schemes.  

21 

Fig. 23 .  Variation of - 'a with the polarity 

pa rame te r  for  compounds and elements  r ep res -  
enting various bond schemes.  

k 
Ph 

Trends of p , apparent mobility, k 
la t t ice  thermal  conductivity, effective mgki  ra t io  
- m 1 ,  and t l a ,  apparent mobil i ty/ thermal  conduc- 

% 5 h  
tivity as a function o f g  for  representat ive groups 
of compounds a r e  shown respectively in F igures  
20, 21, 22 and 23. 

a 

The par t icular  revelations obtained using 
this correlat ion parameter  a r e  the following 

1. The highest e lectron mobility in any 
one compound group is observed at$* = 
0, o r  ze ro  effective ionicity of the 
bonds and this is found a t  the highest 
m e a n  atomic weight. 

2. The higher the atomic ionicity the 
lower the peak mobility reached and the 
m o r e  difficulty the specific com ound 
se r i e s  encounters in r e a c h i n g r  e$ = 0. 

3. The lowest thermal  conductivity is 
reached in  the compounds with thelarg-  



3 

5 2 -  
0 Y 

es t  atomic ionicity but lowest $, able 
to be reached a s  a function of increas-  
ing mean atomic weight and within the 
l imits of stable c rys ta l  formation. 

4. The density of s ta tes  effective m a s s  
for  electrons per  conducting band with- 
i n  any one se r i e s  of compounds o r  e le -  
ments  is lowest for that compound with 
- closest  to zero.  The re  a r e  other 

t rends  h e r e  but they a r e  not meaningful 
because a relative consideration of all 
the effective m a s s  values for  the mater- 
ial has  not been i;nposed in making this 
plot. 

e X: 

5. The highest "a for electrons i s  

achieved a t g  = ghand a medium value 
of a tomic  ionicity, A o .  fo r  the highest 
mean atomic weight compounds charac-  
te r ized  by this value of A 

k- 

. 
0 

Mean Atomic Weight and Anisotropy Ratio r 2  
1 r 

Trends f>und between E , energy gap, pa,  
apparent mobility, k 

rl 

latt ice g the rma l  conduc - 
tivity and 2, the anrkitropy ratio,  and the mean 

atomic weight fo r  a representative compound 
s e r i e s  a r e  revealed respec t i  y in F igures  24 
and 25, 26 and 27, 28, and 7 xTj . 

4 I I I \ '  I I 
\ f: Grow Ip ELEMENTS 

Grow XI-P CWWUNDS 
0 Orwp I[-= COYPOUNDS 
+ Gmup I-= COYPOUNDS 

~ 

\ 

\+ I P l  

\ 
\ 

.CdTe 

1 , Yh, 
I n S b  

0 Y: S" 
20 40 60 80 100 120 140 160 

MEAN ATOMIC WEIGHT 

Fig .  24. Relationship between energy gap, E 

and mean a tomic  weights fo r  Group IV elements 
g' 

l 
~ and Group 111-V, and 11-VI Compounds. 

MEAN ATWlC WEIGHT 

Fig. 25. E v s  mean atomic weight for  other 
g 

compounds and elements.  

F igures  24 and 25 reveal that E decreases  
with increasing atomic weight m o r e  ok l e s s  uni- 
formly within one compound s e r i e s  (except in the 
c a s e  of s t ruc ture  and bonding changes); with those 
s e r i e s  having higher A , atomic ionicity, start ing 
at l a r g e r  energy gaps 2nd decreasing at the same  
ra t e  a s  those with lower A W'thin the limits of 
the atomic table, the 11-VI and I -VI groups repre- 
sent ma te r i a l s  with highest X that reach E % 0 

. 0 5  

a t  the highest mean atomic wzights. g 

UEAN ATOMIC WEIGHT 

Fig. 26. 
mean  atomic weight for  Group IV e lements  a d  
Group 111-V and 11-VI compounds. 

Re lationship of e lec t ron  mobility to 
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0 I l209l 1 
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60 00 100 120 I40 160 180 

MEAN ATOMIC WEIOHT 

F i g .  27.  Relationship of e lectron mobility to 
mean atomic weight for other elements and com- 
pounds. 

F igures  26 and 27 indicate that e lectron 
mobility increases  with mean atomic weight in  
each compound se r i e s .  
character iz ing the se r i e s ,  the lower the mobility 
reached a t  maximum mean atomic weight. 

The higher the A 
0' 

0 1 
W3' ~ 4 L ' 8 ! J ' 1 A 8 I B O ' A '  I 

MEAN A M l C  WEISMT 

Fig. 28.  The la t t ice  thermal  conductivity of 

F igure  28 shows that k the thermal  con- 
ductivity, decreases  with inRheasing atomic 
weight within any one compound se r i e s  charac te r -  
ized by a specific value of h , with the lowest k 

the highest A 
possibly reacxed within the l imi t s  of the atomic 
table. 

found in the compound h a v i n l  the combination of Ph 

and highest mean atomic weight 

F igure  7 reveals  that the anisotropy r a t i o 2  
common to cer ta in  11, V, and VI group elements l-1 

decreases  within the la t te r  two groups with in- 
creasing atomic weight and remains  constant for  
Group II. This parameter  can impose a modify- 
ing effect on how E , the energy gap changes with 
increasing atomic geight. Specifically i t  induces 
a band s t ruc ture  modification which induces an 
E f 0 in elements such as Bi of highest atomic 
wgight. 
ra t io  on the anisotropy of thermoelectr ic  power, 
S and S r I1 and V group elements  and II-V 

Table 9 shows the effect of the anisotropy 

compounds P '  2% . 

TABLE 9 

COEFFICIENTS O F  THERMO-EMF FOR 

ANISOTROPIC SUBSTANCES (after Gitau alz9)) 

t, OC s / I  S 1  Sub-tancs 

pvldeg. pvldeg. 

Metals 

Zn 

Cd 

0 

0 

+a. 4 2  +L 16 

-0.04 t3.16 

Hg -76 -2. 2 -4. 5 

Semimetal. 

-96 .6  - 5 0 . 0  

+20.6 +46.8  

Bi 18 

0 Sb 

Semi - conduc tor. 

SI I s33 s 2 2  

Region of intrinsic 
-8  + I 9 0  

770  7 7 0  770  

b75 700  

conductivity I 27 t 7  5 

-160 700 
conductivity 

Bond Strength 

The influence of decreasing bond strength 
and types of bonds on the la t t ice  thermal  conduc- 
tivity is qualitatively shown in  F igure  29. 
should be noted that this t rend  also embodies in  
some cases ,  such as Bi  and ZnSb, the effect of 
the anisotropy ratio, r2, which introduces an  

T- 

It 

anisotropy of bond strength. I 

selected compounds and elements  as a function of 
mean atomic weight and classification of chemi-  
cal bonds. 
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c allows the high Z values in  the best available 
mater ia l s  for the tempera ture  range f r o m  50 to 
57 3OK is now necessary .  

Crys ta l  Structure 

The crys ta l  ucture of Bi Te was f i r s t  
2 3  

reported by Lange'br. The c rys ta l  has  a trigonal 
latt ice and therefore a rhombohedral unit cell. 
(See F igure  30). It can be described by ne chem- 
ical  formula and the space group is D 

3 
-R- 

3d 3m' 

If the axis of threefold symmetry  is taken 
to be the z axis,  the latt ice can be described in 
t e r m s  of t h ree  primitive translations which make 
equal angles with this axis and with each other.  
These translations can  be written 

+ - 6  
tl = s j  t r k  

-1 

, 0 3 1 J  ~ _ _  l_-J- i 
SP3 PCP,,, 5 - P  S f P r e s  

strong +res weak 
D E C R E I S I N G  HOMOPOLAR BOND STRENGTH - 

Fig. 29. Variation of k with bond type for 

binary compounds with various mean atomic 
weights. 

Ph 

0 
where r = 10.18 Ao and s = 2. 53 A and i, j, and 
k a r e  unit vec tors  along the x,  y,  z axes  respec-  
tively. 

Bi , 

3.24A L B D N D  - Si I LENGTHS 

n 3.72 i J 
" 

Fig. 30. The rhombohedral unit cell of the b is -  
muth  telluride lattice. 

71.5 . 
B 

A 

C 

B 

Ref. - A 

AN INTERDISCIPLINARY 
IDENTIFICATION O F  Bi ,Te ~ 

Fig. 31. Layer  latt ice a r rangement  in B i  Te  

showing direction of bonding (- 
2 3  

4. To proceed any fur ther  on the problem of 
attempting to (1) predict  higher Z ma te r i a l s  and 
(2)  selecting worthy ma te r i a l s  sys t ems  f o r  ex- 
perimental  study, a n  attempt a t  a n  interdisciplin- 
a r y  identification of what combination of fac tors  

The a r rangement  of the a toms  in the latt ice 
is a layered  one stacked as CBA, CBA, CBA, 
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CBA, CBA, as shown in  F igure  31. The l aye r s  
a r e  not quite equidistant. 
marked  as re ference  in F igure  31 any one of the 
primitive translations takes  one 5 l aye r s  up be- 
fore a n  equivalent Te  atom is encountered. 
ever  i t  is only in the 15th layer ,  that is, a t  the 

3 
point t + 
one on the  Z ax is  is encountered. These a r e  the 
operations of the R- 

Taking the Te atom 

How- 

t Z I  t f rom the original Te atom that 1 

space group. 
3m 

Because repetition of Te on the Z axis oc- 
cur s  only a f te r  th ree  translations,  there  a r e  three  
axes of twofold symmetry  and three  reflection 
planes. 

These symmetry  operations of the Bi Te  
2 3  lat t ice a r e  summar ized  below 

Translations:  It + m t  
integers 
Identity: E 
Rotation about the 2 axis to the left o r  
to the right by 213 TT (120°) : ZC3 
Reflection in any one of the three  
planes of symmetry  containing the Z 
axis: 3 0  
Inversion I 
Rotation of 113 TT (60 ) about Z axis 
followed by reflection in a plane p e r -  
pendicular to the Z axis:  
Rotation of 180° about any one of the 
th ree  axes  of two fold symmetry: 

t nt3; 1, m ,  n 1 2 

V 

0 

=6 

3c 2 

The effect of the rotations and reflections 
is summar ized  in Table 1 . 
tions of the point group D- 
planes nor s c rew axes a r e  contained in these  
operations. 

They a r e  the opera-  !! 
Neither glide 

3d' 

T A B L E  IO 

E F F E C T  O F  SYMMETRY O P E R A T l O N S  

Operation Sends x Y z 

Into 

E X Y z 

-1/Zx-1/2\r3y - l i *  tllZ<h z 

- 1 f z x + l i z ~ y  -112y-lIZdih z 

ZC 3 

3 0  -X 

t l / Z x  +1/2v5y 

t l l 2 x  - 1 1 2 - h y  

zs6 1 t z x t  llz-b\y 

l l Z X  - 1 I Z f i y  

3c ; X 

I -I 

-1IZx + l l Z f 3 y  

- 1 l 2 x  - 1 1 2 - h y  

By transformation of the axes ,  the unit 
cell  can a l so  be given alternatively as a hexa- 
gonal unit with three  chemical formulae and 
a = 4. 38 and c = 30.497 Ao. 
hex hex 

In the s t ruc ture ,  the Te atom has three  
Bi atoms 2.5 neares t  neighbors 11 on one side and 

atom i s  surrounded by 6 Bi a toms;  that is, two I 
th ree  Te a toms on the other side while the Te 

essentially different s i tes  exist f o r  Te atoms. 

The shor tes t  spacings between the Bi and 
Te planes of the  s t ruc ture  a re :  

Te - Te  = 2 .63A0  

Te - Bi = 1.70 Ao 

Bi - Te  = 2 . 0 3 A  

I1 11 

11 
0 

I 

These a r e  repeated in  proceeding f rom the  
Te atom to the cleavage bond (Te  - Te ) in the 

I1 I1 other I direction. 

The a latt ice constant = 4. 38 A' 
measu res  the he  k s t a n c e  between Bi a toms in  Bi 

planes and Te  a toms in T e  planes. 

The interatomic spacings between a toms in 
different l aye r s  a r e  

Te - Te  = 3 . 7 2 A 0  
I1 I1 

Te - Bi = 3.04 Ao 
11 

Bi - Te  = 3. 24 Ao 
1 

- CLEAVAGE 
PLANE 

CLEAVAGE 
PLANE 

Fig. 32.  Pic tor ia l  representation in two dimen- 
sions of the type of molecular building blocks in 
a B i  T e  c rys ta l .  

2 3  
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Chemical Bonding 

The bonding angles,  a s  i l lustrated in Figure 
31,are approximately 90° within the molecule but 
approximately 71° between the molecular layers .  

The bonding direction is in the direction as 
shown in F igure  31. 
t u re ,  there a r e  th ree  such bonding directions a t  
120° apa r t  about the c axis.  F igure  32 ex 
attempts a not-to-scape two dimensional r ep re -  
sentation of the molecular chains showing two 
bonding directions (a t  180° apar t  ra ther  than the 
actual 12.0~ apar t ) .  

Because of the latt ice s t ruc -  

As shown by the fact that the bonding angles 
between a toms within the planes (F igure  31) a r e  
approximately 90 , one expects pr imar i ly  p 
orbital  bonding (See Table 5) to be present.  
ther  a n  assay  of the atomic table (See Table 6) and 
consideration of the ionization potentials of the 
elements reveals that both Bi and Te  a r e  cate- 
gorized a s  elements in the "inert  pair" group. 
That is, they do not use  their  outermost s e lec-  
trons in chemical bonding. A s  ionization poten- 
tial tables show, the fourth and fifth ionization 
potentials attr ibuted to these electrons of Bi ,  and 
the fifth and sixth for  Te ,  have a much grea te r  ev 
separation than the f i r s t  3 potentials attributed to 
the 3 p orbital  electrons in Bi and 4 in  Te. The 
ev difference between ionization potentials I and 
I1 and I1 and 111, e tc  are about equal i n  both Bi and 
Te. 

0 

F u r -  

Qualitatively, i t  can be concluded that only 
p orbitals a r e  used in  bonding in Bi Te  Because 
the bond angles a r e  -90°, the bonding i s  covalent. 
However, because the  bond angles between Te  -Bi  I 
Bi-Te a r e  slightly different,  the la t te r  having a 
bond angle slightly l e s s  than 90° and the Te -Te 
bond angle is considerably different than 90FT 
( -71?), one expects f rom considerations of the 
bond approximatio heory and the principles of 
resonance bondingmf that the electron distribution 
between Te  -Bi is centered  between the atoms, 
(Eion= O), 'while between Bi-Te the E.on+ 0. 
However, with due consideration to the l a r g e  
polarizibility of the Bi atom, it i s  expected that 

Eion cov. - r e s .  
actually the ionicity e is equal to ze ro  and the 

valence electron distribution between Bi-Te is 
polarization adjusted so as to maximize itself a t  
the center  between the a toms and spread  out in 
the plane bisecting the binding between atoms. 

2 3' 

I1 
I1 

11 

f 0 is compensated by E so 

C 

The bond angle between Te  -Te suggests 
a bond strength considerably g reg te r  %an that of 
a Van d e r  W a a l s  bond. 
orbitals (See F igure  31) f o r m  nearly metall ic 

71 The three  unsatisfied T 

resonance bonds with other Te  
the cleavage plane. 
the electron distribution between these a toms is 
expected. 

a toms a c r o s s  
Consideragle distortion in 

However, in t e r m s  of the resonance bond- 
ing principles,  6 electrons a r e  shared  between 5 
quantum states associated with 5 a toms in  the 5 
l aye r s  along each bonding l ine shown in F igure  3L. 
Three  equally probab resonance situations a r e  
pictured in F igure  33 $8) . 

I .  2. 
MOLECULAR MOLECULAR 

PACKET PACKET 
I- 

Te Bi Te Bi Te Te Bi Te Bi Te Te 

(3ammmom ;f - - - 

Fig. 3 3 .  Three  equally probably resonance sit- 

uations in B i  T e  (after Krebs")). 
2 . 3  

Band St ruc ture  Generation 
And Band Structure Determinations 

In o rde r  to determine the band s t ruc ture ,  
the rec iproca l  latt ice fo r  the Bi Te mus t  be 
determined f rom the latt ice s t ruc ture  2 3  definitions. 

Carrying out this step,  Lee and Pincherle- '1) 

show that the rec ipro  ca l  latt ice is defined by the 
vectors 

These three  vec tors  in k space,  l ike the c o r r e s -  
ponding ones in the  actual latt ice,  make  equal 
angles with each other and with the z axis. In 
this case ,however ,  the angles with the z axis a r e  
la rge  while those in the  actual latt ice a r e  smal l .  

The f i r s t  Brillouin zone i s  constructed f rom 
planes normally bisecting the f i r s t  few rec iproca l  
lattice vec tors .  
The boundary planes above and below a r e  those 
bisecting the vec tors  2 (k 

This is pictured in  F igure  34. 

+ e +  + k t k ); their  faces 
a r e  regular  hexagons. Tke o t t e r  six-sided 3. faces  
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+ 
a r e  perpendicular b i sec tors  of the veetors +k , 
t and 2 k The remaining six four sidedl 
faces a r e  determined by the vec tors  2 (kl t k2),  
t (k2 + k ), and 2 (k3  + kl). 

c 

- 2' 3' 

3 - 

Y 

Fig. 34.  Brillouin zone of bismuth telluride 

(after Lee and Pincherle 3 1 ) ) .  

The faces  of the surfaces correspond to 
actual crystallographic directions.  

Since the region lying between the success-  
ive (such as the f i r s t  and second) polyhedra in  k 
space i s  known a s  the Brillouin zone; the relation- 
ship of the polyhedra are such that each Brillouin 
zone occupies the s a m e  volume of k space. This 
volume is sufficient to accomodate 2 N electron 
s ta tes  where N is the total number of atoms in 
the crystal .  

That each Brillouin zone should containtwo 
s ta tes  (one of each spin choice) for every atom is  
expected since the band sys tem of a solid a r i s e s  
naturally f r o m  the d i rec t  energy levels of an i so-  
lated atom. Each  electron-energy level becomes 
broadened through interaction between the closely 
spaced a toms of a solid in such a \:ay that the 
energy range of a band i s  independent of the num- 
ber  of the a toms in the c rys t a l  but depends on 
their  interatomic spacing and on the energy level 
f rom which the band arose .  

In a r e a l  c rys t a l  where N is ve ry  l a r g e  the  
2N s ta tes  i n  each band a r e  exceedingly closely 
spaced in energy  but the distribution of s ta tes  i n  
energy i s  still the same.  

Considering the na ture  of the electron shell  
s t ruc tu re  of a toms,  one expects to s e e  one zone 
a r i s ing  from s valence s ta tes ,  3 for  p valence 
s ta tes  and 5 zones f o r  d valence states.  

Electrons in the valence s ta tes  belong to 
the c rys t a l  as a whole, 
fiable with any one atom. 
which can be involved in bonding and determine 
the refor e the c rys t a l  s t ruc ture .  

r a the r  than being identi-  
These a r e  the ones 

When two such zones overlap,  a band con- 
taining four N s ta tes  a r i s e s .  
interatomic spacing of 3 silicon c rys t a l  and the 
4 valence electrons ( s p  hybrid bond), a cer ta in  
periodic potential (found to fit this mater ia l )  
a r i s e s .  It i s  found that the eight electron s ta tes  
( 2  fo r  each orbital  and 2 in each of 4 electron- 
pa i r  bonds) divides into a band of 4N states then 
a gap and a n  upperband containing 4 N s ta tes .  

Considering the 

Returning to the  Bi Te  reciprocal latt ice 2 
and Brillouin zone shown in a igu re  34, the 
electronic energy levels a t  any rec iproca l  latt ice 
point k a r e  classified according to the irreducible 
representations of the  group of k. 
tional notations for points and l ines of symmetry  
in the Brillouin zone are given in F igure  34. 
Table 11 l i s t s  the symmetry  operations fo r  the 
corresponding k vec tors ,  and the sub-group for 
these vectors.  

+ 
+ 

The conven- 

T A B L E  I 1  

POINT G R O U P S  OR PROMINENT POINTS 

A N D  LINES 1N T H E  BPJLLOUXN Z O N E  

Point or line Symmetry Operations Group 

D3d 

cz 

cs 

= 3" 

Czh 

r . z  full point group 

h . B. X . H  E .  c,' 

Z ,Fa G E.  u 

A E. ZC 3, 3 D 

E .  C;. u v ,  I A, D 

The f r e e  e lec t ron  leve ls  a r e  given by 

+ + 2  
E = ( k t K )  

n n 

where - 
+ - n -  

K = lk f m k  t nk with l ,m,  n, 
positive o r  

n 1  2 2  

negative in- 
t ege r s  or 
zero.  

Lee and Pincherle31) have shown that con- 
sidering the 28 electrons available (s and p out- 
s ide  the closed she l l s  of the five a toms in  the 
unit cell), then 14 non-degenerate bands m u s t  be 
filled a t  each  k point and the top of the valence 
band and bottom of the conduction band t r aced  
throughout the zone (for nearly f r e e  e lec t rons-  
sma l l  splitting case)  would ag ree  with a six 
valley model  for  the conduction band and a th ree  
valley one fo r  the valence band. 
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DEVELOPMENT OF A S  IXTERDI!~CIPLIN/iI<~ 
MODEL ( IMWM) FOR Bi2Te3 

The band s t ruc ture  characterizing Bi Te 
2 3  crys ta l s  can be generated f3fim i t s  rec iproca l  

latt ice.  Lee and Pincher le  have attempted 
this, as d iscussed  in the l a s t  section. They 
s ta r ted  with the five atom molecular unit cell  and 
by translation operations generated the rhombo- 
hedra l  unit ce l l  f rom the three  molecular unit 
cells  cha r a  c te r iz ing the a1 te r na t e h exa go nal 
s t ruc tu re  representation. 

In view of the concepts of molecular 
resonance bonding and this type of charac te r iza-  
tion for Bi Te the expectation that one molecu- 
lar unit wih resonate with the other two and pro- 
duce new energy bands f rom those charac te r i s t ic  
of each molecular unit requi res  consideration. 
Thus, i t  i s  necessary  to impose  an  anisotropy 
parameter  (perhaps a s  a psuedo-potential). 

3' 

Lee and Pincherle3') considered 28 elec- 
trons around'5 a toms of the molecular unit cell .  
In view of bonding data on Bi Te 

2 3  p-orbital electrons need be considered. 
only the 18 

We now distinguish between individual 
groups of six of these electrons in the translation 
operations in generating the c rys t a l  s t ruc ture .  
By tagging each atom of each molecular ynit 
(e. g. consider one in each molecule, -Bi 

Bi ", Bi  

translation operation that 3 p orbital  electrons a t  
one Bi  position in the generated rhombohedral 
ce l l  a r e  f r o m  three  Bi a toms;  one f rom each of 
the three  molecules. The same  is t rue  for  the 
other four atoms. 
orb i ta l  e lec t rons  contributed by the 3 Te posi- 
tions in the th ree  molecules which a r e  no\ yet 
accounted for .  These  effectively tend to f i l l  up 
the bands generated by the p orbital  half bonds. 

P 
I '  

"), we note on completion of the 
I1 I11 

We note the re  a r e  three  p 

These relationships allow treating each of 
the three  p-orbital electrons of a Bi a tom in the  
generated c rys t a l  s t ruc tu re  as involved in inde- 
pendent bands of the band s t ruc ture .  

F r o m  bonding information we know the 
bonds made by Bi and Te  in the Bi Te 

2 3  
a r e  p-orbital half bonds. We in te rpre t  this as 
meaning the 6 bands generated in the c rys ta l  by 
the 6 p-orbital half bonds p e r  Bi s i te  a r e  approxi- 
mately half full.  Since there  a r e  two Bi s i tes  per 
molecule and th ree  molecules represented  in the 
rhombohedral cell ,  we expect that there  will be 
six separa te  sou rces  o r  "wells". 
joins with all other l ike wells in the resonance 
bonded s t ruc tu re  in developing valence and con- 
duction bands. 

s t ruc ture  

Each well 

Consilering the whole c rys t a l  we can now 
concentrate our attention on the valence and con- 
duction bands associated with all the wells, like 
one well of the s ix  in the rhombohedral unit cell.  

Considering each well i n  this framework, 
F igures  35 and 36 present ,  respectively,  in te r -  
disciplinary correlation models for  Bi Te  and 
Bi c rys ta l s .  

2 3  

p-orbital half  
bonds between 

a .  a t o m s .  bonds. .ind electron energy levels in one molerular w e l l  

-.1 

b Band 5 f r ~ l c I ~ r e  and band f i l l ing associated with one molecular we l l  
posifiirn in crys ta l  (hypothetical case of before equrhbrlum) - 

E - Energy g a p  
- L E -  

Fig.  35. IMWM (Inderdisciplinary Molecular 

3' 
Well Model) for BiZTe 

-%E---- --- 

Fig. 36.  IMWM (Interdisciplinary Molecular 
W e l l  Model) for Bi. 

In F igu re  35a, the atom placements in a 
molecule,  bond lengths and e lec t ron  energy 
leve ls  a r e  shown. 

In F igu re  35b, the  energy band s t ruc tu re  
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which develops f rom each of these bonds in the 
c rys ta l  is plctured in a hypothetical situation be- 
fore equilibrium. We note each band associated 
with each bond has 2 N s ta tes  with only N s ta tes  
full. 

In F igure  35c, the actual ca se  a f te r  equili- 
brium, i s  shown. We note E , the F e r m i  level 
l ies between the top of the filfed band associated 
with the Bi-Te and below that associated with 
Te -Bi. The electrons in the band associated 
wit2 Te  -Bi have emptied into the s ta tes  in the 
band associated with Bi-Te 
between the position of the empty band and the 
top of the filled band de termines  the energy gap, 
E , fo r the  c rys t a l  due to this well. 

I 

I1 . The separation 
I' 

g 

These models a r e  named interdisciplinary 
molecular well models. (IMWM)':. 

In F igu res  36a, b, and c ,  the IMWM* fo r  
a Bi c rys ta l  is similarly presented. 

We note h e r e  an  overlap of the bands which 
resu l t  in simultaneous electron conduction in the 
band to the left and hole conduction in the band to 
the right. 

Considering Bi Te  in F igure  35a, the p- 
2 3 .  orbital  bonds between Te  BI and Bi-Te for one 

molecule represent  one well. The other end of 
each molecule can be s imi la r ly  represented. 
indicated. tk T e  -Bi bond has  a length r and 

I1 Bi-Te a length r . 
I 1 r 

I1 I 

As 

AS shown in  F igure  51, 

- = 1. 05. Each of the bonds contains one 
r 2  
electron. 
a chemically stable electron-pair  bond. 
each of these half bonds i s  spatially separated 
f rom the other in the s t ruc ture .  As indicated by 
the dotted and filled l ines ,  one orbital  in each 
bond i s  not filled. Because the relative energ ies  
of the Te  and Te  positions in the molecule a r e  
different !'the Te  position having a higher bond- 
ing energy, and because r <r  the relative 
energy levels of the electrons in the two bonds 
are separa ted  as shown (Note these  relative 
energy placements follow the same  energy 
direction as f o r  the band s t ruc ture) .  

Together they ac t  a s  a pa i r  to provide 
However, 

I 
I 

2 1 '  

If an  electron i s  miss ing  in  the Bi T e  well 
sys t em,  the c rys t a l  a c t s  as a hole conductor. If 
there  is a n  excess  e lec t ron  in the well sys tem,  
the c rys t a l  ac t s  as an  electron conductor. Thus 
the presence  of a n  excess  o r  deficiency of 
electrons in  the well de te rmines  in which of the 
t w o  bands the re  a r e  charge  c a r r i e r s .  

2 3  

The resonance bonding between the ends of 
the molecules and polarization overlap between 
the s ides  of the molecular chains provides the 
necessary  coupling of the individual wells, (two 
of them per  molecule) so  wave functions 
characterizing the  electrons o r  holes in the wells 
will in te rac t  to fo rm bands throughout the crystaL 

The geometrical  nature and orientation of 
the constant energy su r faces  of the conduction 
and valence bands will be a d i rec t  function of 
the anisotropy of the T e  -Bi and Bi-Te latt ice 

Te and Te in  the molecular structure.  
spacings and the relative I1 bonding energies I of the 

I1 I 

Data accumulated on "anti-structure" of 
Bi Te and effects of substitutions in  the Bi and 
Te sublattices on t ranspor t  p roper t ies  suggest 

2 3  

that substitutions in the T e  sublattice, which 
resu l t  i n  providing excess  electrons,  f i l l  up the 
valence band and introduce electrons into the 
conduction band. 
Bi sublattice which give a deficiency of electrons 
in the well resu l t  i n  

t he rma l  and e lec t r ica l  conductivity, as a function 
of such substitutions, as indicating electrons flow 
in the Bi sublattice and holes in the T e  sublattice. 
In view of the molecular well model, these ob- 
servations and conclusions can  be understood 
since the electron conduction bands a r e  assoc i -  
ated with the 6 independent Te 
valence bands with the 6 independent Bi-Te 
bonds. 

Likewise substitutions in the 

l e  Conduction in the valence 
band. Investigators $8 in te rpre t  . the i r  data on 

-Bi bonds and the II 
I 

Because of the grea te r  ionicity of the 
Bi-Te bond compared to that of the T e  -Bi bond, 
the hofe mobility will be l e s s  than the efkctron 
mobility. Therefore ,  substitutions in the latt ice 
which change the relative bond ionicit ies will be 
expected to cause a change in the 2 

F u r t h e r ,  
Te -Te Te  -Bi and Bi-Te bonds is expected 
to resu l t  in simultaneous changes o f r e ,  E and 

p dependency on tempera ture .  

CL ratio. 

PP 
the intimate relationship between the 

I1 II: I1 I 

PP 

F o r  the Bi Te  c rys ta l ,  the IMWM pre- 
2 3  

dicts 6 independently acting conduction bands and 
a s imi l i a r  number of valence bands due to the 6 
independent wells. Fu r the r ,  because of the 
requi rements  for  resonance bonding and the 
identical s t ruc tu re  of each of the s ix  wells, the 6 
conduction bands will have isoenergy ex t rema 
and l ikewise the 6 valence bonds will have 
isoenergy ex t rema.  
will be charac te r i s t ic  of any one of the 6 indepen- 
dent wells ( re la t ive  to the s ta tes  in the valence 
band i f  it is conducting, and conduction band, i f  
it is  active). 

This means  the F e r m i  level 

* IMWM will be used f rom h e r e  on a s  an  abbrev-  
iation for Interdisciplinary Molecular W e l l  
Model. 



Support f o r  the Model 

The IMWM is not \yo3yis ten t  with deduc - 
tions by Drabble,  et al. f rom their  g a l -  
vanomagnetic coefficient jbpjtfninations on 
Bi Te  . Drabble, et. a1 , deduced f rom 
th Ar data that the conduction and valence bands 
might be charac te r ized  by six ellipsoidal i so-  
energetic sur faces  centered in the reflection 
planes perpendicular to the binary axes a s  shown 
in F igure  37. A s  noted there ,  they placed these 
sur faces  inclined at a n  angle 0 with the cleavage 
plane. They a l so  found that the ra t io  of effective 
m a s s e s  was different for  the conduction and 
valence bands. 

F ig .  3 7 .  The 6 ellipsoid energy surface posi- 
tions in the c rys ta l  sys tem for  Bi Te ( G i s  the 

angle with the cleavage plane; C 3  is the trigonal 
ax is )  (after Efimova e t  a137)). 

2 3  

36-37) 
Ef imova' s fur ther  examination of 

galvanomagnetic properties of Bi Te 

Efimova found he  could: 

a l so  gives 
resu l t s  ~ ~ ~ e j 7 c j o m p a t i b l e  with the 2 I M d M .  

1. 

2.  

descr ibe  the energy spec t rum by a six 
valley model. 
ass ign  two regions of scattering-one 
for  isotropic thermal  scattering and one 
fo r  anisotropic impurity scattering. 
f i t  h e r  values of galvanomagnetic co- 
efficients to two s e t s  of charac te r i s i tcs  
of energy spec t ra  of each band c o r r e s -  
ponding to two variations of a six valley 
model. 

3. 

4. a lmost  exactly co r re l a t e  the two se t s  of 
conduction band charac te r i s t ics  with the 
two se t s  of valence band charac te r i s t ics .  

It i s  proposed that Efimova's two se t s  of 
charac te r i s t ics  f o r  the energy spec t r a  a r e  
directly re la ted  to the valence band-conduction 
band s t ruc tu re  associated with each of the wells. 

positions in the coordinate sys tem of a Bi Te  
2 3  crys ta l  ce l l  and then compares  the i r  geometrical  

locations with those of the ellipsoidal isoenergy 
sur faces  in Figure 37, i t  is noted that ellipsoids 
and wells have the s a m e  locations. We fur ther  
note that the axis of each double well will be the 
resonance bonding direction. By comparison then, 
we place the  axes  of ellipsoid pa i r s  and well pa i r s  
on the binary axes  of the crystal .  

Carrying this cor re la t ion  fur ther ,  the 
nature of the conduction and valence bands 
associated with each well at these positions 
cor responds  with the placement of E f i r n ~ v a ~ ~ )  of 
both conduction band and valence band ellipsoids 
at  the s a m e  positions. 

Using this correlation we can then ass ign  
different effe s5-f55fnasses. iv determined by 
Drabble et a1 , to the valence and conduc- 
tion bands associated with each well. 

In this way we can  interpolate that the 
mobilities related to these  effective m a s s e s  a r e  
determined by the relative latt ice spacings of 
Te  -Bi and Bi-Te 

11' I1 

Fur the r  the resonance bond strength 
between Te  -Te is expected to be var iab le  with 
tempera ture  in a direction such that relaxation 
will occur with increasing temperature.  This 
bond however directly controls the anisotropy of 
the Te  -Bi and Bi -Te  latt ice spacings and the 
polar iza t ion  overlap i n  the Bi  planes and Te  
planes. 
the anisotropy of the mobili t ies of charge c a r r i e r s  
in the conduction and valence bands a r e  controlled 

by the anisotropy of the latt ice spacings it is to be 
expected that with increasing tempera ture ,  the 
observed mobility of charge  c a r r i e r s  will not 

- 3  
follow a T 7 acoustic scattering law expected 
fo r  all resonance bonded crys ta l s .  

I1 II . 

11 . I 

Since the energy gap and by association 

L 

Rather,  it is  expected th t a superimposed -4 
dependency of mobility of -T 2 due to the r e -  
laxation of the resonance bond with increasing 
tempera ture ,  which causes  the charac te r i s t ic  
mobilities of the two bands to approach one 
another,  will be observed. 

Since only one band is active when the 
Bi T e  is conducting via one charge  c a r r i e r ,  we 
therefore  may expect that 

2 3  

"3 
P a  T 

As the l i t e r a tu re  revea ls6) ,  th i s  is the type 
of dependency which has  been observed for  
Bi Te  Bi, and PbTe when impurity sca t te r ing  
was minimized. 2 3 ' .  . 

If one spatially represents  the 6 "wellf '  



Application of the Interdisciplinary 
Molecular Well Model (IMWM] 

In considering t ranspor t  p roper t ies  and 
thermoelectric properties of Bi Te 
to this model, equations representing the cur ren t  
flow should be se t  up which take account of the  
oblateness and prolateness of the ellipsoidal 
energy su r faces  and the angle of the axes  of the 
ellipsoids with the direction of cur ren t  flow. 
F o r  the present  an  approximation will 
since the angle 8 uith the cleavage plane is rath- 
e r  la rge  for  each ellipsoid. 

according 
2 3’  

be made ,  

With cu r ren t  flowing in the cleavage plane 
we expect that all s i x  independent wells will con- 
tr ibute charge  c a r r i e r s  in an  additive sense  so 
the total number of charge c a r r i e r s  will be ob- 
se rved  v ia  Hall constant measurement .  

Since the Fermi- leve l  i s  established in 
each sys tem of wells and i s  common fo r  all well 
sys t ems ,  i t  is expected that the nature of the 
electron distribution (whether degenerate or  non- 
degenerate) will be determined by the charge  
c a r r i e r  density characterizing each well sys tem 
a t  a given temperature.  

Likewise we expect the influence of the 
degree  of degeneracy of the electron distribution 
on the mobility of the charge c a r r i e r s  will be 
de te rmined  on an  individual well sys tem basis.  

Cons equentl y the approximate t ranspor t  
and thermoelec t r ic  property equations for  use in 
roughly interpreting experimental  data are: 

R H  =A 
T 6n,e 

I 
where 

n. = rider of charge  c a r r i e r s /  
well sys tem 

u = (nl epl - - -  + n6 ep6) 44) 
T 

where 
p. = mobility of charge c a r r i e r s  
1 

where 

m$ = the effective m a s s  cha r -  
‘c ac te r i s t ic  of a well sys t em 

for  case  of conduction band 
operation 

m+ = the effective m a s s  char -  
ac t e r i s t i c  of a well sys tem 
for  case  of valence band 
operation 

t 

simi lar ly  for  m::---m* 
2 6 

It i s  i l lustrative to consider a specific ex- 
perimental  s e t  of data fo r  Bi Te  and i n t e r p r e t  

can be shown that the IMWM will apply equally 
well to Bi Te n and p type alloys we will u se  
data for room tempera ture ,  f r o m  the experiment- 
al data plots shown l a t e r  i n  this repor t ,  i n  the 
present  calculations. 

it  in the light of the above formu?ations. 2 Since it 

2 3  

The measured  values f o r  a p-type Bi Te 2 3  
alloy a t  room tempera ture  a r e :  

2 = 2 . 8 5 ~ 1 0  - 3  /OC 
D r 

s = t200pV/°C 

3 -1 -1 u = 1 x 1 0  ohm c m  
-2 k = 1. 35 x 10 watts/cm°C 

p = 255 c m  /volt sec  

RH = +. 255 c m  /caul 

2 
T 

3 

F r o m  these data and the above formulae we 

18 find 
n./well = 5.4 x 10 /cc  

pT = pi = 255 cm’/volt s ec  

u . /well = 166 ohm 

m* = .605m 
T 0 

?*/well = .18 m 

-1 
cm-1 

0 

The consistency of these calculated band 
and t ranspor t  p a r a m e t e r s  with one another fo r  
room tempera ture  i n  view of the limitations im-  
posed by degeneracy of charge  c a r r i e r  distribu- 
tions is ve ry  good. 

The effective mass m* agrees  v e r y  
l e  

5933p well with the average  value oyekkectiv 
ellipsoid determined by Drabble, et a1 
(0.18m as compared to their  0. 2lm ). 

0 0 

The slightly modified IMWM shown in F ig-  
u r e  36 will apply to Bi and BiSb alloy c rys ta l s .  
The control of the t ranspor t ,  thermoelec t r ic ,  and 
band s t ruc ture  pa rame te r s  in both the Bi Te and 
Bi c a s e s  is centered in the special  cha rac t e r i s -  
t i cs  of the p orbital  half bonds in  the presence  of 
anisotropic latt ice spacings and resonance bond- 
ing. 

2 3  



The combination of p orbital  half bonds, and 
resonance bonding in  the PbTe s t ruc ture  suggests 
that a s imi l a r  type of model will be applicable to 
explaining i t s  desirable thermoelec t r ic  proper -  
t ies at higher tempera tures .  

There  s e e m s  li t t le doubt that this type of 
model with cer ta in  modifications can explain the 
charac te r i s t ics  of AgSbTe alloys. The applica- 
tion of the model will be discussed l a t e r  relative 
to the experimental  data. 

2 

This model for  Bi Te  i s  consistent with 
2 3  

the theoretical  predictions regarding fac tors  to 
maximize to achieve highest 2 ,  namely 

The model revea ls  how high mobility i s  
3 

maintained and simultaneously m:g7 is able to be 
maximized to achieve maximum 2. An improve-  
ment on the above expression for thermoelec t r ic  
cooling ma te r i a l s  is the following: 

where 
Nw = number of independent well 

m+ = the average effective m a s s  
sys tems 

for  one well sys tem 

SELECTION O F  MATERIAL SYSTEMS 

MATERIALS FOR THE TEMPERATURE 
RANGE O F  50°K - 573OK 

IN WHICH TO SEARCH FOR IMPROVED 2 

Characterization of Improved Z Thermoelec t r ic  
Cooling Materials 

1. ) They must  be ma te r i a l s  charac te r ized  
by molecular-net-structdred, p orbital  (half bond) 
bonds, resonance bonds, anisotropy of latt ice 
spac ings  high mean  atomic weight, medium X 

e* 
(atomic ionicity), ze ro  (no effective ionicity), 
near  ze ro  electronegativity difference, and 
highly polarizable elements.  

dent "well systems".  

ly and prefer ren t ia l ly  oriented relative to the 
direction of controlled anisotropic change i n  
latt ice spacings and imposition of polarization 
fo rces  s o  as to obtain maximized e lec t r ica l  con- 
ductivity in the direction of minimum the rma l  

0 

2. ) They should have 6 o r  m o r e  indepen- 

3. ) They should be able to be advantageous- 

conductivity, simultaneously with maximizing 
e lec t r ica l  conductivity. 

Djd -R- 

latt ice of hexagonal fo rm having a c 
hex 7 

grea te r  than 31 Ao. If a D -R- s t ruc tu re  with 
3d .3m 

a superlatt ice can be found, this would be most  
interesting . 

They could be two phase compositions 
containing the above s t ruc ture  a s  a major  phase 
and a compatible lower bond strength s t ruc ture  
as a second phase. 

They mus t  contain elements charac-  
te r ized  by forming c rys t a l s  with anisotropic 
latt ice spacings (See Table 7 ) .  

4. ) They should have predominantly a 
s t ruc ture  with a supers t ruc ture  

5 
3m 

of 

5. ) 

6 .  ) 

Selected Systems for Experimental  Study 

After examining all the known types of 
chemical bonds and s t ruc tures  and their  occur -  
rence ( summar ized  ea r l i e r  in the report) ,  con- 
sidering the t rends  of correlations of a wide 
range of types of compounds with observed t r ans -  
port p roper t ies  using many cor re la t ion  para-  
me te r s ,  and l a t e r  specifically identifying the 
fac tors  controlling 2 in the highest known 2 
thermoelec t r ic  ma te r i a l s  (result ing in the 
development of the IMWM), mater ia l s  selected 
for study in  attempting improvement of 2 were  
Bi alloys and sys t ems  based on modification of 
AgSbTe In addition (not on this project) fur -  
ther  s tu i i e s  on improving Z of Bi  T e  alloys 
we r e  conducted concurrently.  

2 3  

The Bi  alloys were  selected for  the low 
tempera ture  range and  the AgSbTe2 sys tem 
alloys were  selected fo r  the  high tempera ture  
range. 

F r o m  the standpoint of compatibility i n  a 
o r  A7 type of s t ruc ture ,  the 

D ~ ~ - R -  ' c33' 
plannedTxperimenta1 attack was centered around 
a selected s e r i e s  of elements and combination of 
elements fo r  introduction into the AgSbTe 
system. 

2 

These elements incluQd Fe ,  T1, Au and a 
few o thers  which we had no t ime to explore. 

These choices were  based on the following 
conside rations : 

1. F e  has  a n  electronegativity very  close 
to Sb, Ag and Te. It can  show a valence 
of 3. 
p r e s s u r e  of its unpaired d orbital  
e lec t rons  and i t s  sublimation enthalpy 
is low. 
bute, alongside of Ag, in  t e rna ry  tell-  

It has  a relatively low internal 

It appea r s  to be able to contri-  
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ur ides  to increasing electron mobility. 
Its l ack  of p orbitals and use of s 
orb i ta l s  in bonding was considered dis- 
advantageous f r o m  the thermal  conduc- 
tion standpoint and therefore i t  was 
mostly examined a s  a partial  substituert. 

2. Tl was  considered to have much to offer 

2 a s  a replacement for Ag in AgSbTe 
'because of i t s  higher atomic weight, 
l a r g e r  atomic rad ius ,  l a r g e r  polar- 
izibil i ty,  s imi la r  electronegativity, one 
p orb i ta l  and suppressed s orb i ta l s .  
Because T1 can display either a 1 o r  3 
valence,  it was a l so  given some  con- 
sideration a s  a replacement for  Sb. 

3. Au was considered to be of in te res t  be- 
cause  of i t s  higher atomic weight. Be- 
cause  i t s  electronegativity i s  higher 
than that fo r  Te ,  i t  was not expected to 
bond, but i n  smal l  quantities, i t s  
p resence  as a well distributed second 
phase was considered of interest .  

such that the molecular development, a s  the 
mater ia l  f r eezes ,  will tend to eject  a l l  a toms with 
incompatible bonding capabilities, (unless the 
a toms a r e  in the anion c lass  material above). 
Hence a concentration of excesses  and non-bonding 
impurit ies will tend to build up between molecular 
planes and at  the surface of microscopic  c rys ta l  
regions. It is charac te r i s t ic  of these ma te r i a l s  
that they have strong tendencies to  develop mixed 
types of second phases.  In the event the second 
phase has a s t ruc tu re  and proper t ies  like that of 
the major  phase; 
able and may even be desireable i f  some molecu- 
l a r  resonance is possible between the molecules 
comprising the phases. However, unless the 
start ing elements a r e  ex t remely  pure ,  the s t a r t -  
ing chemical formulation favorable, and the p re -  
paration ex t remely  clean, development of such 
a p re fe r r ed  type of second phase is improbable. 

the second phases will be to le r -  

The ref ore specific processing methods to 
use  in preparing higher 2 mate r i a l s  become a 
basic r e s e a r c h  problem. 

In the Bi alloy system, combinations of 
elements were  selected for  investigation once the 
c rys ta l  growth of Bi and BiSb alloys was brought 
under control. Since this stage was only approxi- 
mately reached at the termination of this project, 
no discussion of these plans will be presented. 

During the course  of this project effort ,  
the development of a new improved processing 
technique was not possible. However, it is to be 
s t r e s sed  that basic r e sea rch  on compatible pro- 
cessing methods may  prove t o  be the required 
answer fo r  achieving improved Z mate r i a l s .  

METHODS O F  MATERIAL PREPARATION 
B i  and Bi-Alloy Crys t a l s  

Introduction 

Since anisotropy of s t ruc ture  and t r a n s - .  
por t  pa rame te r s  a r e  expected and des i red  charac-  
t e r i s t i c s  of improved high Z thermoelec t r ic  
mater ia l s ,  the development of methods of prepara-  

tion of D - Rj- and particularly C -like 

s t ruc tu res ,  capable of giving l a rge  c rys t a l s  char -  
acterized by controlled anisotropies , is  an  ultimate 
mate  r i a l s  processing objective . 

5 
3d 3 3  

Highest purity of start ing elements and 
processing containers is a necess i ty  to a s s u r e  
complete elimination of 0, N, P, S, C1, C etc.  
These anion types can interrupt development of 
the complex molecular s t ruc ture  of in te res t .  The 
relatively powerful bonding forces  they exe r t  a r e  
incompatible with the relatively weak bonding 
forces  in p r imar i ly  p-orbital  bonded - resonance 
bonded molecular  s t ruc tu res .  

One expects c rys ta l  growing ra tes  will 
have to be slow and growing t imes  long to  achieve 
good c rys t a l s ,  since molecular orientation and 
alignment tends to  be relatively sluggish when the 
bonding forces  a r e  relatively weak. 

The nature of the ma te r i a l s  of in te res t  is 

Background Information on Methods 
of Growing Bi  and BiSb Crys t a l s  

Growing single c rys t a l s  of bismuth and its 
alloys has gradually progressed  f rom an a r t  to- 
ward  a science.  
view of the stringent requirements placed on these 
c rys t a l s  if they a r e  to be used  for Peltier-Seebeck 
o r  Nernst  Ettingshausen cooling. 

This has been a necessity in 

There  have been seve ra l  methods proposed 
in the l i t e r a tu re  for  growing these c rys ta l s  with 
c la ims  and d isc la ims  for each. In the case  of the 
bismuth- antimony c ry  s tal  growth p r  oce s sing , 
there  are two schools of thought - one claiming 
be t te r  r e su l t s  using a fast r a t e  of growth, 13 to 
76 m m / h r ,  or higher,  and the other a low ra te ,  
0 . 4  to 2 m m / h r .  

In comparing the methods, one mus t  con- 

The 
s i d e r  the s ize  a s  well  a s  the perfection (e. g. 
min imum s t r ia t ions)  of the grown crys ta l s .  
degree  of alloying of other e lements  with the 
bismuth must  a l so  be considered. 
e a s i e r  to grow a s  a single c rys t a l  having a high 
perfection, than is the case  with bismuth-antimony. , 

The l a r g e r  the des i red  s ize  of c rys t a l  and with a 
p re fe r r ed  orientation, the m o r e  formidable is the 
task.  

Bismuth is f a r  

In genera l ,  al l  reported techniques for  
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crys ta l  growing a r e  by horizontal zone o r  gradient 
freezing a s  opposed to the vertical  methods, such 
as Gzochralski pulling or  Bridgeman casting used 
fo r  semiconductor c rys ta l s .  

Jain3'), in the preparation of Bi-Sb alloys 
fo r  his s tud ies ,  was  able to get la rge  c rys ta l s  ap- 
proximately 8 in x 1/2 in  x 112 in by zone leveling 
an  ingot for s eve ra l  passes  at  a ra te  of 2 i n / h r  
(5cm/ h r )  using 450 kc inductim heating. Melting 
was  ca r r i ed  out under a helium atmosphere o r  
vacuum. 
ta l s  t o  have a Variation of 370 of the mean value 
a t  the center  of the ingot. 

Chemical analyses showed these c rys -  

Smith39) used samples  of bismuth taken 
f rom a zone refined ingot. La te r  he and Wolfel) 
p repared  their  BiSb alloys essentially a s  Ja in  had 
done except that d ry  hydrogen was  used a s  the 
atmosphere.  They made s ix  zone leveling passes  
using a 1 / 2  inch long zone a t  13 c m / h r .  

K o o i  and his coworkers40' of Lockheed 
Missiles and Space Co. in their  thermomagBietic 
cooling investigations a l so  used the zone leveling 
process  for Bi-Sb single c rys ta l s .  
sealed under hydrogen, was zone leveled e i ther  in 
a resistance-wound heater o r  in an induction 
hea ter .  
one-tenth of the length of the charge. 
speed was  0 .7  to 5 in /h r  (1.8 to 12.7 cm/h r )and  

the tempera ture  gradient was  approximately 
1 1°C/cm. Metallographic studies of these  BiSb 
alloys indicated that they were  charac te r ized  by a 
cellular s t ruc ture  regard less  of the freezing ra te  
and number of pas ses  of the molten zone. They 
proved the existence of the coring phenomena o r  
variation in composition during growth. This was 
to  be expected since bismuth and antimony a r e  
completely soluble in  the solid state and the i r  
melting points a r e  different. 
cell was  r i che r  in antimony and the cell boundary 
was  r i che r  in bismuth. 

The ingot, 

The zone length was  maintained at about 
The zone 

The in te r ior  of the 

F isch ler41)  used a unique rapid f reeze  
method for  growth of bismuth single c rys ta l s .  
Essentially bismuth in a graphite boat lined with 
smooth quartz p la tes  is heated f rom one end with 
a propane to rch  and melted in a i r .  The torch  is 
then withdrawn s o  as to allow the bismuth to  com- 
mence  freezing a t  the opposite end of the boat 
which has a constri.ction. Crystall ization then 
proceeds as the flame is gradually withdrawn. 
The whole crystall ization requi res  only a few 
minutes.  According to F i sch le r ,  the method may 
be  used to  obtain c rys t a l s  of any desired orienta- 
tion using oriented seeds ,  Doping of the bismuth 
m a y  a l so  be c a r r i e d  out. 1s used in ob- 
taining l o l o c  AT fo r  T =?62COrKYS"were grown h 
in this manner .  

Brown and Heumann4') have c a r r i e d  out 
a n  extensive study on the growth of bismuth- 
antimony single c rys t a l  alloys. 
that in the Bi-Sb c rys t a l  growing procedure,  

They contend 

wherein r a the r  rapid multipass zone-leveling 
(1.3 c m / h r  o r  g rea t e r )  is used, ve ry  extensive 
consti tutimal supercooling takes place in the 
liquid zone. 
i n  the l i t e ra ture  by severa l  investigators,  such 
as Tiller43). 
Heumann constitutional supercooling must  be 
sufficiently reduced to (1) prevent nucleation of 
new c rys t a l s  in t he layer  of supercooled liquid 
adjacent t o  the interface; (2) prevent extensive 
macrosegregation by fractional crystall ization 
and precipitation within the supercooled layer;  
and(3) minimize o r  eliminate microsegregation 
o r  cellular substructure.  

This problem has been discussed 

As summar ized  by Brown and 

Using an  equivalent expression t o  that of 
T i l l e r  fo r  estimating the maximum growth rate 
without appreciable supercooling, Brown and 
Heumann calculated a required growth rate of 
l m m / h r ,  even with liquid s t i r r ing .  After the 
preparation of the ingot fo r  crystallization, they 
placed the polycrystalline charge into a horizon- 
tal zone-melting apparatus fo r  single c rys t a l  
growth. The tempera ture  gradient i n  the molten 
zone was  maintained at 60°C/cm and the growth 
r a t e s  used were  between 1.6 and 0 . 4 m m / h r .  

Komarov and Rege143) found that with 
bismuth the crystall ization front goes into os-  
cil latory motion at tempera ture  gradients l a r g e r  
than 40-60°C/cm. At lower tempera ture  g ra -  
dients the oscil latory motion stops.  This motion 
then could eas i ly  d is rupt  uniform crystallization. 

The main  problem of the actual crystall i-  
zation i tself  reso lves  into the dissipation of the 
latent heat of crystall ization in the right direction 
f rom the interface.  In the case  of alloys macro-  
segregation and microsegra t ion  m u s t  be avoided. 
Of course,  the ma te r i a l s  mus t  not be contamina- 
ted in  the processing. 

Prepara t ion  of Crys t a l s  

The s ta r t ing  mater ia l s ,  B i  and Sb w e r e  of 
99.9999 wt  7% purity and w e r e  brought t o  this 
purity level by zone refining 99.999 wt % B i  and 
99.999+ wt 70 Sb. 

Severa l  methods, some of which were  
suggested in  the l i t e ra ture ,  were  investigated 
f o r  the preparation of both B i  and Bi-alloy single 
c rys t a l s .  
r epor t s  24* 27). 
bes t  c rys t a l s  a r e  d iscussed  here .  

These have been discussed in p rogres s  
Only the ones which yielded the 

Bismuth 

Two methods w e r e  used successfully fo r  
the prepara t ion  of bismuth single c rys ta l s .  
These w e r e  as follows: 

An outgassed high-purity graphite boat 
(1" x 1-1/4" x 22" cavity) was charged with the 
99.9999 wt % bismuth. The stainless s t ee l  
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l i ne r  used in the modified F isch ler  technique for  
bismuth c rys ta l  preparation 27) was placed in 
a graphite boat a t  approximately the 6 inch posi- 
tion of a 22 inch length of boat. The l iner ,  with 
i t s  necked-down design, served a s  a seeding 
site. 
tube and pumped down to a forepump vacuum 
( 10-3torr) .  The tube was then backfilled with 
hydrogen and pumped down again. 
tion was repeated severa l  t imes.  
operation, the tube was backfilled with hydrogen 
to  a 1 - 3 ps i  pressure .  
leveled in  o rde r  t o  obtain a uniform c ross - sec -  
tion ingot. 
in one direct ion (zone refining) a t  a speed of 
1 in lh r .  
be removed by this zone refining would segre-  
gate to  the ends of the ingot and i t  was for  this 
reason  that the l iner  was placed a t  the 6 inch  
position ra ther  than a t  the front  end of the gra-  
phite boat. A crys ta l  of the order  of 3"x l "x l "  
was  obtained. N o  preferent ia l  seeding could be 
done using this method. 

The charged boat was inser ted into a Vycor 

This opera-  
On the final 

The charge was zone 

This was followed by severa l  passes  

Any additional impuri t ies  which could 

The second method used successfully f o r  
the preparat ion of bismuth single c rys ta l s  con- 
s is ted of charging the 99.9999 wt 70 bismuth into 
a Vycor boat. 
shape with a 3/4"x1-1/8" c r o s s  section and 6" 
and 7" bottom and top respectively. The Vycor 
sur faces  were  smooth to  minimize nucleation 
s i tes  during the crystallization, 

The boat was of a trapezoidal 

Fig. 38. Tempera ture  profile in horizontal boat 
during Bismuth c rys t a l  growth. 

The boat containing the bismuth was  placed 
into a Vycor tube, pumped down and backfilled 
with argon instead of hydrogen a s  in the previous 
method descr ibed above. The tube was  then 
placed into a Marshal l  furnace having a tempera-  
tu re  profile as  shown in F ig .  38. The tempera-  
tu re  was ra i sed  s o  that the charge became molten. 
Through a saturable  reac tor  type programmer  
the sys tem was allowed to  equilibrate for  4-6 hours 
and then the tempera ture  was  lowered to  approxi- 
mately 200°C over  a period of hours. The power 
to  the furnace was  cut and the ingot allowed to cool. 
Actually the r a t e  of t empera ture  drop was  very 
near ly  that of the furnace cooling rate .  This 

directional f reeze technique yielded bismuth single 
c rys ta l s  of good s ize  and quality. 
made to  seed the crystal  for  desired orientation. 

N o  attempt was  

Bismuth-Antimony Alloy 

The bes t  single c rys ta l s  of bismuth-anti- 
mony alloys were  prepared using the directional 
f reeze  technique. 
single c rys ta l  specimens of the alloys presents  
m o r e  difficulties than does the bismuth. 

The problem of obtaining 

The pure elements, B i  and Sb, were  seal-  
ed in an evacuated Vycor tube in the stoichiome- 
t r i c  proportions and placed in  a rocking type fur-  
nace for  a period of 24 hours  to  allow homogeni- 
zation. The charge was then air quenched. The 
ingot was then processed as was the bismuth. 
c rys ta l s  obtained were  not as l a rge  as those of 
bismuth. 

The 

AgSbTeZ and Bi  Te Alloy Systems 2 3  

The processing techniques which have been 
successfully applied in producing known high 2 
extr insic  semiconducting mater ia l s  are those 
common to  s tandard B i  Te  and experimental 
AgSbTeZ alloys. 2 3  

8 ,  9, 12,43,45,46)  
have 

contributed to the processing technology for  high 
2 
O b  p and n type Bi2Te3 alloys. F r o m  this fund 

of his tor ical  information and cur ren t  processing 
knowhow, methods to  use in these studies were  
developed. 

Many investigators 

mater ia l s  which is represented in the s tandard 

The general  types of processing techni- 
ques considered for  these studies included hori-  
zontal and ver t ical  casting in closed sys tems 
which provide for  vapor p r e s s u r e  control, s ince 
most  of the ma te r i a l s  of in te res t  have volatile 
components. Thus one usually mel t s ,  reac ts  and 
homogenizes s toichiometr ic  amounts ( i f  predict- 
able) of high purity e lements  in evacuated quartz  
o r  Vycor tubes followed by s ome fo rm of casting. 

There  are many methods of casting o r  
crystallization. Using the horizontal technique, 
the t r ave r sa l  of a molten zone, developed by R.F. 
o r  res i s tance  heating, may be used to  obtain 
crystal l ini ty  and compositim a1 variations. Grad- 
ient freezing can be us ed. In this case  the seal- 
ed charge is placed in a furnace with a chosen 
tempera ture  profile and the ma te r i a l  allowed to  
solidify and crys ta l l ize  by programming the t ime-  
tempera ture  var iables .  

Using the ver t ica l  casting technique, the 
sealed molten charge is ver t ical ly  dropped 
through a hot zone, e i ther  res i s tance  0-1- R. F. 
heated. 
out of the hot zone through the temperature grad- 

The  ma te r i a l  crystal l izes  as it moves 
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ient. 
t empera ture  gradient between the liquid and 
solid than res i s tance  heating. 
the mel t  a s  i t  freezes.  In contrast ,  resistance 
heating allows growth of l a rge r  crystall i t ies be- 
cause of no agitation. 

R. F. induction heating produces a sharper  

Also i t  agitates 

Advantages of this technique a r e  that tk 
dropping speed, diameter  of ingot, and furnace 
tempera tures  a r e  a l l  c o n t r o l l a t l e  f o r  optimizing 
the charac te r i s t ics  of thecast  alloy. Disadvan- 
tages a r e  breakage of tubulation if  the ma te r i a l  
expands on cooling and problems in establishing 
a smooth tempera ture  gradient in a vertical  fur -  
nace to  obtain the desired vapor p re s su re  control. 

F igure  2 shows the rocking autoclave 
and Bridgeman casting unit which was used in 
preparing the final vertically cas t  versions of 
selected alloys. 

Choice of Methods 

The methods used to process  the m a t e r -  
ia ls  made during this effort were  selected to  f i t  
the particular requirements  of the study. 

All the compositions investigated were  
te rnary ,  quaternary or  more  complex compounds 
and alloys. Most of them could not be chemi- 
cally formulated with cer ta in ty  that the reaction 
would proceed according to  assumed valences. 
In general ,  melting points. dissociation tenden- 
c ies  and other chemical and physical p roper t ies  
were  not known. F o r  these reasons and in view 
of the objective of obtaining mater ia l  with elec- 
t r ica l  p roper t ies  within a specific range, a la rge  
number of alloys within one t e rna ry  or  quaternary 
sys tem had to be prepared in a rapid exploratory 
way before a specific alloy could be selected fo r  
the slower m o r e  sophisticated processing via the 
bes t  
mater ia l ,  namely ver t ica l  casting. 

method known today for obtaining high Z 

Therefore  a suitable combination of ex- 
These ploratory procedures  had to be evolved. 

consisted of the quench-anneal process,  metallo- 
graphic analysis and e lec t r ica l  analysis. 

The Quench-Anneal Method of Processing 

High purity e lements  a r e  weighed and en- 
capsulated in quartz o r  Vycor ampoules in a 
vacuum of lO-%orr. The sealed charge is then 
melted and reacted. Thereaction time and temp- 
e ra tu re  a r e  var ied  to su i t  the nature of the ele- 
ments  being combined. 

Usually the molten charges were  main-  
tained in the furnace for  24 hours  to reac t  and 
homogenize. After visually ascertaining the ap- 
parent  melting tempera ture ,  the charge was held 
during this period a t  about 5OoC above the melting 
point. 

The sealed charges a r e  then removed 
f rom the furnace and quenched in a i r .  
charges  usually solidified in a mat te r  of seconds. 
If they did not appear  completely reacted o r  
homogeneous they were  inserted back in the fur -  
nace for  another 24 hour period. 

The 

In this a i r  quenched state,  the mater ia l  
is not suitable crystallized. 
charge was subsequently annealed a t  5OoC below 
its melting point f o r  24 hours. If the mater ia l  
was brit t le and broken on air quenching, i t  was 
usually remelted and then solidified and cooled 
to  5OoC below its melting point and annealed fo r  
24 hours  before cooling to  room temperature .  

Therefore  each 

Metallographic Analysis 

The mater ia l s  produced by the quench- 
anneal process  a r e  generally expected to  be homo- 
geneous in a microcrystall ine way even though 
the formulation inherently is character ized by in- 
congruent melting o r  freezing. Annealing was 
expected to  cause some crys ta l  growth and relief 
of s t r e s ses .  

To preliminarily determine the nature of 
the resulting alloys, metallographic analyses 
were  used to  establish whether they were  single 
o r  multiphased and the nature of the phase geo- 
metry.  
o r  very  l i t t le second phase were  selected in this 
manner .  

Alloys showing a single phase nature 

Exploratory Elec t r ica l  Analysis 

Since the ma te r i a l  sys tems investigated 
were  selected for  the compatibility of their  e le -  
mental  ingredients, the possibility that multi- 
phased ma te r i a l  with good thermoelec t r ic  p ro -  
per t ies  could be obtained was recognized. 

Fu r the r  a l l  promising mater ia l s  via 
metal lographic  and visual analysis, required p re -  
l iminary  thermoelectr ic  and t ranspor t  property 
evaluations to ascer ta in  whether the casting 
method should be now applied t o  obtain ma te r i a l  
f o r  detailed analysis as a function of temperature .  

Therefore  each  alloy ingot was subjected 
t o  exploratory checking of S ,  R 
air and room temperature .  
made  of apparent mobility, pa 
r i e r  concentration, nl  cc, f rom these data. 

and u at liquid 
C%xlations were  

and charge c a r -  

Vertically Cas t  Alloys 

After establishing the nature of the 
chemical, metallurgical,  s t ruc tura l ,  and e l ec t r i -  
ca l  p roper t ies  of a new alloy sys t em in  the above 
exploratory fashion, a selected alloy was  p r e -  
pared again v ia  the m o r e  sophisticated and 
s lower casting method. 



The detailed analyses made on the cas t  
alloys selected i n t  his manner  a r e  discussed in 
a l a t e r  section. 

METHODS OF MATERIAL EVALUATION 

Hall and Thermoelectr ic  
Measurements Apparatus 

During the period of this contract, 
measurement  facilities were  established, using 
Ohio Semiconductor Division funds, for determina-  
tion of (1) Z ,  S ,  k and p thermoelectr ic  parame- 
t e r s  by a modified Z mete r  technique and ( 2 )  
RH, u, pH, and magnetoresis tance parameters  
on experunental  mater ia l s  over a temperature  
range f rom 77 to 560% with reasonable speed 
and accuracy. 
is t ics  a r e  descr ibed here. 

This apparatus and i ts  charac te r -  

A component and wiring schematic  of the 
measurement  installation is shown in Figure 40. 
The same instrumentation is used for both Hall 
and thermoelectr ic  measurements .  Data a r e  ob- 
tained on the samples  in vacuum and e lec t r ica l  
connections a r e  provided, through two octal feed 
thru connectors (mounted in individual sample 
holders), by matching appropriate numbered 
ar rows  a s  indicated in Figure 40. 

OHONEYWELL * 
TWO PEN 

RECORMR 
-ELECTRONIK 17h-J  
L 

Fig .  40. Component and wiring diagram of Hall 
and thermoelectr ic  measurements  apparatus.  

The dc power supply consists of a 12 volt 
lead-acid storage battery connected in s e r i e s  
with three rheostats for  cur ren t  adjustment, a 
calibrated one uhm standard res i s tor  and a cur -  
rent limiting res i s tor .  
continuously adjustable f rom approximately 9 to  
570 ma. 
parallel  with the one o h m  res i s tor  to se rve  a s  a 
voltage divider for  cur ren t  monitoring by one 
channel of a Brown Electronic 17, two pen re- 
corder.  

The cur ren t  range is 

A ten turn l0k-ohm. potentiometer is in 

This power supply provides ac  cur ren t  to 
the Hall o r  thermoelectr ic  sample through the 
first s e t  of contacts of a Scientific Research 
Instruments  mechanical chopper, having two 
double pole double throw switches operated by a 
common shaft, when the 6 pole 4 position p re -  
cision switch is in positions 1 or  2. In positions 
3 and 4 i t  provides dc cur ren t ,  in both directions, 
for  measurement  on t h e  thermoelectr ic  sample. 
The contacts of the cur ren t  portion of the chopper 
were  adjusted to make -before-break to prevent 
oscillation in the recorder  pen. 

Other functions of the 6 pole 4 position 
switch a r e  to select  ac  resist ivity potentials on 
e i ther  sample in position 1 and Hall potential or 
thermoelectr ic  resist ivity potential in position 2 .  
These potentials a r e  indicated by t he s econd pen 
of the recorder  through the potential measuring 
portion of the chopper, the 2 pole 5 position T C 
switch, and the dc amplifier. The contacts of - 
this second portion a r e  adjusted to  break-before-  
make while the break  t ime occurs  during and is 
slightly longer than the shorting time at  the cur -  
rent portion contacts. 47) This arrangement ,  
along with capacitors C and C eliminates ex- 

pen of tlm recorder .  
dc signal is necessary  in measuring Hall samples  
since the Hall voltage developed f o r  a given cur -  
rent flow direction, depends on the sign of the 
majori ty  c a r r i e r  of the sample,  relative position 
of the Hall probes,  and direction of the magnetic 
field. 
of the 2 pole 5 positicn switch. 
potentials a r e  
sample when the 6 pole 4 position switch is in 
position 3 or 4 and the 2 pole 5 position switch 
in position 3. The 2 pole and 2 posi t im dc switch 
was found necessa ry  in this c i rcu i t  to eliminate 
chatter in the r eco rde r  pen caused by the chopper 
when dc measurements  were  being made. 

cessive os aillations in t i e  potential 2 .  indicating 
Polarity reversing of the 

This  is provided for i n  positions 4 and 5 
DC resist ivity 

measured  on the thermoelec t r ic  

The differential copper- constantan- coppe r 
thermocouple is connected ac ross  the thermo- 
e lec t r ic  sample using epoxy to  prevent e lec t r ica l  
shorting. 
factory for  AT measurements .  All e lec t r ica l  
l eads  on the Hall sample and the two curren t  
leads  on the thermoelec t r ic  sample were  30 
gauge copper; the remaining leads and thermo- 
couples on the  thermoelec t r ic  sample were  36 
gauge copper and constantan. 

This a r rangement  proved to be sa t i s -  
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The temperature  regulation circui t  consist- 
of a k e d s  and Northrup Speedomax H recorder  
and control ler  with an AZAR unit, a current  a d -  
justing type, control unit with proportional band, 
differential and integral functions, and a Fidelity 
S.C. R. dc power supply. The AZAR unit p ro-  
vides for  z e r o  and full scale  range adjustment 
of the recorder .  There is an adjustable thermo- 
couple compensation circui t  within the speedo- 
max H which allows continuous temperature  con- 
t ro l  f rom liquid nitrogen to  30OoC. 
unit senses  differences between the s e t  tempera-  
tu re  and the measured  temperature ,  indicated by 
the pen, and gives an output dc signal, propor-  
tional to  the des i red  increase  o r  decrease  in 
power input t o  the hea ters  on the sample holder. 
This signal controls the output level of the dc 
power supply to  the heaters. These may be con- 
nected to  the power supply in se r i e s ,  parallel, 
o r  individually, depending on the different power 
requirements  a t  various portions of the tempera-  
ture  range. 

The control 

The amplifier and recorder  were  cal i -  
brated against a K - 3  potentiometer. The accur -  
acy of the circui t  including the amplifier and r e -  
corder  was measured  experimentally by placing 
a low res i s tance  standard a t  the sample position. 
In this way the systematic  e r r o r s  in the measure-  
ment  were  reduced. Random e r r o r  associated 
with instrument  drift was not noted. However, 
the manufacturers '  
and amplifier were  used in the e r r o r  analysis of 
data. 
circuit depends upon the magnitude of the value 
being measured .  The e r r o r  generally falls be- 
tween 0 .72  and 3.4 percent. Larger  e r r o r  r e -  
sults when low value readings a r e  taken on the 
most  sensitive scale  of the amplifier (0-5OpV) 
and is independent of the absolute potential being 
recorded. 
0 . 5 p V  to. 15 percent  of reading, a s  specified e r -  
r o r  on the  low range of a K - 3  potentiometer. 
E r r o r  f rom thermoelec t r ic  Sam l e  
has  been considered elsewhere B81 A) and shown 
to  be approximately 1%. The major  contribution 
comes f r o m  the  diameter  and length of the lead 
wires .  

The sample arrangement  for  Hall 
measurements  is shown in Figure 41. The use of 
lavite as the insulating mounting block in the sam- 
ple holder has proven sat isfactory for  the opera- 
tion over the wide tempera ture  range. All leads 
to  the measur ing  and tempera ture  control c i rcui ts  
are soldered to the inside pins of two octal feed 
throughs located in the header. All other con- 
nections a r e  a permanent  pa r t  of the apparatus 
wiring. 
liquid helium magnet dewar positioned with i ts  
nar row tail sect ion between the pole faces of a 
Varian magnet: these have not been shown in 
F igure  41. The sliding thermal  contacts were  
found necessary  for  fas t  initial cooling of the 
sample chamber  and to  se rve  a s  a heat path 
which becomes necessa ry  for  tempera ture  regu- 
lation. 

specifications on the r eco rde r  

The major  contribution of e r r o r  in th i s  

This is  slightly higher than 

reparation 

This a r rangement  is placed in a Hofman 

R 

VACUY CHAMJIBER 

LAWTE SAMPLE SUPFORT BLOCK i BRASS CAP 

Fig. 41. Design of sample holder for  Hall and 
related effects. 

T@ HEADER 

TAL FEED TURU 

LlOW NITROGEN 
REMOVAL TABS 

HOLES FOR V4CUUM 
PUMP IN G 

HEATER WINDINGS 
BRASS I21 

HOLE 

3- 

FOR ELECTRICAL 
LEADS 

STAINLESS STEEL 

SAMPLE 

-HOLES FOR VACUUI 
Fwlulw 

RACIATION Md T W A L -  

I t '  WALL COPPER) 
-EQUILIBRIW S~IELDS 

Fig. 42. 
e lec t r ic  measurements .  

Design of sample holder fo r  thermo- 

The sample arrangement  for  thermo- 
e lec t r ic  measurements  is shown in F igure  42. 
The sample is suspended by i ts  lead wi re s  (only 
two of these are shown) in a chamber  of constant 
tempera ture  provided by two concentric copper 
envelopes screwed t o  the base of a mass ive  
heater .  The outer  jacket s e rves  a s  a heat con- 
ductor and radiation shield and the  inner  jacket, 
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because of i ts  high thermal  conductivity allows 
thermal  equilibrium to  be reached between its 
wal ls  and the heater  base. The two windings on 
the heater  section a r e  non-inductively wound and 
may be connected in se r i e s ,  paral le l ,  o r  indi- 
vidually. The heater  and shield assembly is 
screwed into a b ra s s  ring welded to the s ta inless  
s tee l  outer jacket. This metal l ic  connection to  
the surrounding liquid nitrogen provides initial 
rapid tempera ture  lowering of the sample and 
chamber and a heat flow path for temperature  
regulation above 77OK. 

A picture of the evaluation apparatus  is 
shown in F igure  43. The vacuum system, capa- 
ble of obtaining t o r r ,  is shown connected to 
the mobility measurement  apparatus. 
to  the left of this connection is where thermo- 
electr ic  measurements  a r e  made; par t  of the 
sample jig extends below the table top. 
net and power 
system with 4"pole faces. 
dewar in place,  the maximum magnetic field is 
8. 1Kg and i s  adjustable down to approximately 
130 gauss. The residual field in this magnet is 
25 gauss. 

The flange 

The mag- 
supply is a remounted Varian 

With the helium 

Technique and Method of Data Presentat ion 

Hall and Related Effects 

In making Hall measurements  i t  was,  in 
general, found necessary  to adjust the cur ren t  
through the sample in order  to  obtain maximum 
recorder  sensitivity and to  keep the values of 
developed potentials within the instrumentation 
range a t  var ious tempera tures  and magnetic 
field intensities. Fu r the r  in o rde r  to  direct ly  
compare and plot individual sample Hall field 
data as a function of magnetic field intensity, it 
was  necessary  to  normalize the Hall field to  
some constant cur ren t  density. 
ed to  be 1 amp/cm2 ana w a s  approximately the 
mean cur ren t  density used in the measurements ) .  
The Hall voltage and resis tance probe potentials 
were  checked for  l inear i ty  a s  a function of cur ren t  
through the sample at 77OK and 300% at some 
constant field value. 
measurements  reported here .  

(This was select- 

Linear i ty  was found for  all 

Frequency effects have been observed in 
a c  Hall measurements  49) where mixed conduc-. 
tion was involved. F o r  this reason the Hall vol- 
tage was checked for  variations a s  a function of 
chopper frequency on samples  in which mixed con- 
duction was known o r  suspected. 
was  noted for  the measurements  presented in 
this report .  

No variation 

Where weak magnetic field Hall mobility 
as a function of temperature  is of interest ,  i t  is 
necessary  that the low field approximation to  the 
Hall coefficient be m e t  over the tempera ture  
range of measurement .  
the Hall coefficient 

The prescr ipt ion relating 
to the measured  para-  

me te r s  i s  given by 

47) 

Where E is the measured Hall field for  a given 
H 

magnetic field intensity B and cur ren t  density 
J. E 
f o r  
magnetic field to  be used (and held constant) over  
the temperature  range of investigation. 
imum is found where the curve deviates f rom a 
s t ra ight  line extrapolation through B = 0. 
cases  the saturat ion curves for  liquid nitrogen 
tempera ture  were  obtained t o  define B 
However, room temperature  data w e r p z k o '  taken. 

v s  B data for  J = 1 a m p / c m  2 were  plotted 
al l  samples  to  determine the maximum 

The max- 

Jn all 

T The Hall coefficient R a t  a par t icular  
tempera ture  T was then obta inep  as follows: 

B (in Gauss) was chosen a t  some value below o r  
equal to  B 

values of E 

depending on the measured  
(max) 

o r  instrument  sensitivity. 
H 

The Hall mobility p as presented in 
H 

this report  unless otherwise noted has  been de- 
fined as 

2 
c m  /vol t  s e c  49)  

T T  
P H = R H  0 

where uo is t he measured  conductivity with 
B = 0, 

The magnetoresistance da ta  a r e  obtained 
on experimental samples  a t  the same t ime Hall 
measurements  a r e  made. 
relating the magnetoresis tance h p / p  , t o  
measured  quantities is 

The defining equation 

This  shows the magnetoresis tance as the change 
i n  the resis t ivi ty  upon applying a field divided by 
the resis t ivi ty  fo r  the ze ro  field case  and it is 
determined by the measured  ac  potentials a t  con- 
s tant  current .  

The magnetoresis tance coefficient M is 
defined by 

and the above equation is used in its evaluation. 



Thermoelectr ic  Measurements  

T vs z =  
'ac 

The Seebeck coefficient was determined 
f rom 

- 1  
O K  

T 

I 
where V 

ed potentials for  the two directions of cur ren t  
and the chopped dc, respectively. The numera-  
t o r  of this  expression i s  just the Seebeck potential 
Vs. The tempera ture  difference AT is a l so  a 

direct ly  measured  quantity. 

( I t ) ,  Vdc (I-) and Vac a r e  the measur -  
dc 

The figure of mer i t  at temperature  T is 
determined through the famil iar  Z - meter  ex- 
p r e s  sion, 

53) 

and needs no fur ther  discussion. 

The resis t ivi ty  was determined from 
sample dimensions, value of chopped current ,  
and measured  V . After severa l  attempts to  
measure  the contribution of contact res is tance 
to  the sample resis tance i t  was found that the 
instrumentation and dimension measurement  
e r r o r  would not allow resolution of this quantity. 
F o r  this reason the two additional potential 
probes on the side of the sample were  eliminated 
since they would thens  e rve  only to  decrease  the 

the accuracy of the other measurements  because 
of loading. 

ac .  

The thermal  conductivity was calculated 
from the values determined above and the p re s -  
cription given ea r l i e r .  

PREPARATION AND EVALUATION 

AND DEVELOPMENT OF TECHNIQUES 
OF STATE-OF-THE-ART MATERIALS 

The previous sections summar ize  the 
nature  of methods and equipment used in ma te r -  
ial preparat ion and evaluation. 

In application of any selected and pre-  
f e r r ed  mater ia l  preparat ion method, sophisticat- 
ed consideration of detail is required for  achieve- 
ment of optimized high Z specimens. These r e -  
quirements  a r i s e  because the relatively weakly 
bonded complex molecular  s t ruc tures  common to 
the highest Z thermoelectr ic  cooling mater ia l s ,  
balancing of vapor p re s su res  of the constituents 
above the mel t ,  t empera ture  gradients at the 
liquid-solidus interface, r a t e s  of solidification, 
segregat ion forces ,  incomplete elimination of 

e lements  such as 0, N. P, S, C1. G and Na f rom the 
closed reaction vesse l  etc. 

The ref ore ,  r ep r  uduction of s ta te-  of- the- 
a r t  mater ia l s  matching the best propert ies  noted 
in the l i t e ra ture  is in itself a time consuming ef- 
for t .  Considering the objectives of this project, 
we did not attempt to  completely optimize ei ther  
Bi  and Big8Sb12, o r  AgSbTe and AgSbTeZ-PbTe 
alloys a t  this stage in the program. 

2 

In the case  of Bismuth telluride n o r  p 
type alloys, the standard OSD alloys a r e  r ep res -  
ented here  a s  state-of-the-art. 

B i  and BiSb 

B i  c rys ta l s  up to  3 inches in length with 
l "x l .25"  cross-sect ions were  grown from 
99.9999+% pure s tar t ing mater ia l  by a horizontal 
directional f reeze  technique using resis tance 
heating a s  descr ibed in a previous section. 

Big8SblZ crys ta l s  proved more  difficult 

The chief problem i s  fractionation of t o  grow. 
the B i  and Sb. 
obtained af ter  considerable effort. 

Crys ta l s  of sma l l e r  s ize  were  

Bi  and BiSb alloy c rys ta l s  were  cut f rom 
the ingots and optically oriented by the light figure 
technique "I. The longitudinal axis of the c rys ta l  
ba r  was  oriented paral le l  t o  the trigonal axis. B i  
c rys ta l  sample s i zes  were  2 . 5 ~ 2 . 5 ~ 2 0  mm and 
Big8Sb12 samples  were  about 2 x 2 ~ 5  mm.  

Elec t r ica l  leads were  soldered direct ly  to  the 
sample with a B i  Sn Sn solder  ( lead  wires  

75 23  2 
were  No. 30 gauge copper) using stannous fluoro- 
borate  flux. 

In the data presented,  the identification 
of the c rys ta l  axes is a s  follows: 

1. 
2. the b isec t r ix  
3. the trigonal 

r e fe r s  to  the binary axis 

The thermoelec t r ic  and Hall effect j igs  
and equipment descr ibed in the previous section 
were  used to  obtain evaluations of the 
Z ,  S, kT, u, RH, v s  tempera ture  f rom 78'K to  

400°K. Since measured  Hall mobility in B i  and 
B i  alloy c rys ta l s  is not only a function of c rys -  
tallographic orientation but a l so  magnetic field, 
Hall field vs. magnetic field determinations a t  
300% and 77% were  made  to  determine a mag- 
netic field within the weak magnetic field region 

fo r  which R = li 43) B-0 is constant fo r  

a given cu r ren t  density and tempera ture  over  a 
range of B. 

H 
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Bismuth 

F r o m  E vs  B plots (e .g . ,  see  F igure  44) a 
H 

field B was selected for  use in  determining R vs 

tion on B i  was  335 gauss  when EH 11 1 .  

t empera ture .  The B field used in R de termma-  H 
H 

MAGNETIC FIELD INTENSITY IGLuSsI 16' 

Fig. 44. 
plot fo r  B i  c rys ta l s  a s  a function of orientation 
and temperature .  

Typical Hall field v s  magnetic field 

Fig.  45. 
pera ture  f o r  OSD Bi  c rys ta l s .  

Magnetoresistance coefficient vs tem-  

* ABELES and MEIBOWall  

X Bi,Te,fTANDARD ALLOY N TYPE 

N AgSbTez N TYPE RH 

-x--- 

,/ 

Fig.  46. RH vs - 1 fo r  B i  and Big4Sb6 crys ta l s  
(RH ), OSD standard T n and p type Bi  Te alloys, 

2 3  
and3lAgSbTe with -R and +S. 

2 H 
106 1 t i 

z 
V 

0 

0 

IO' 

+ ABELES and YEIBOOY ' I )  

x BizTe, STANDARD ALLOY N TYPE 

r( A g 8 T I z  N and P TYPE 

F i g .  47. a vs -for 1 Bi and B i  Sb crys ta l s  
T 94 6 

(5  0 3 3 ) ,  OSD standard n and p type B i  T e j  alloys, 
2 

and AgSbTe with -R and tS. 
2 H 
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Since the thermomagnetic ZNE is directly 

proportional to  the magnetoresistance,  
( p - ; J ~ , ) /  po, the magnetoresistance coefficient 

( - .  1 ~ - p o ) /  . p B2, was a l so  determined to charac- 
ter ize  the Ri crystals  for  thermomagnetic cooling. 
In Figure 45 , the magnetoresistance coefficient 
measured on our E i  crystals  is shown compared 
to Abeles' and Meiboom's data 51). 

-- 

In Figure 46, RH vs.  -, I and in Figure 4 7 ,  T -- 
533 vs.- I for  our Bi crystals  for  one crystallo- 

T .  
graphic orientation, EH 11 1, a r e  shown. Excel- 
lent correlation with Abeles' and Meiboom's 
data 51) is apparent.  

Figure 48 the Hall mobility (Ro,00)2, - 
A I  9 1  

vs.  T is shown. 
and Meibocm 51) is obtained. The temperature  
dependence of p is  approximately T-3. 

Again agreement with Abeles 

a E!,Te, STANDARD ALLOY P TYPE 

x th2Ta,STANDARD ALLOY N TYPE 

N ApSbT4 N TYPE R, 

.I( TEMPERATURE 

Fig. 48. ~4 vs- 1 f o r  B i  and Big4Sb6 crystals  

0 
T 

(R13 0 ) 3 1 3  OSD standard n and p type Bi Te 

alloys,  and AgSbTeZ with - R  
2 3  

and tS. H 

An adjacent Bi  single crystal  specimen 

33 vs. was used to  obtain 2 , S -S k and DO 

temperature  a t  z e r o  magnetic field. The cur ren t  
flow was paral le l  to  the tr igonal axis.  Figure 2 
shows these data vs. temperature  over the temper-  
a ture  range from l00-390%. In Figure 50. Z T 

P e P ' T  

P 

vs  temperature  is plotted and compared to data ob- 
tained by Gallo e t  a1 52) for  the same crystal  
orientation. Good agreement is apparent.  

300-3 0 

FROM STANCURD P B N TYPE 
PLOTS - 

Fig. 49. Z , S  -S ,kT and c~~~~ vs  temperature  

for  OSD Bi  and B i  
P e p  

Sb crystals.  94 6 

Fig. 50. Z T vs temperature  for OSD B i  single 
crystal .  P 

Thermomagnetic Shaped Cooler 

5) Experimental  evaluation of a shaped , 
(11 to  1 shape ratio) single r stal of pure bis- 
muth 2 c m  long and 0.5 c m  in c r o s s  section cut 
f r o m  a crys ta l  2 x l . I x I . 3  c m  was s tar ted during 
the las t  month of this contract .  It had been in- 
tended that a detailed evaluation of thermomagnet- 

f Y  
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ic cooling at low temperature would be car r ied  
out with this speciman. Unfortunately, time did 
not permi t  construction of an adequate sample 
chamber.  
cooler base  increased rapidly when maximized *') 
d. c. cu r ren t  dens i ty  was turned on a t  high mag- 
netic fields. 
sample was  mounted onthe heat sink, the base 
tempera ture  did not remain  uniform. This gave 
a la rge  e r r o r  in the measured  AT established 
a c r o s s  the device. 

The temperature a t  the center of the  

Because of the way in which the 

In conclusion it i s  apparent that a technique 
and a method of Bi  c rys ta l  growth capable of yield- 
ing la rge  c rys t a l s  of good quality mater ia l  for  
thermomagnetic cooling studies and a start ing 
.point for B i  alloy development for improved 
thermoelectric semimetals to  use in the law 
temperature range was achieved. 

B 11 BISECTRIX 
I 11 TRIGONAL AXIS 

100 

B (KILOGAUSS) 

BiSb Allov 

The BiSb alloy c rys ta l s  examined for 
state-of-the-art  evaluation purposes were  intended 
to be BiS8Sbl2. However, owing to fractionation, 

they were  approximately B i  (90-93) Sb (10-7) as in- 

dicated by the comparisons with l i t e ra ture  

data lo'  40) of the resist ivity ratio p 33(H)/ ~ ~ ~ ( 0 ) ~ s .  

B (Figure z), relative resist ivity p 

T°K (Figure %);and p and p 33(H)/p 33(o )  vs. anti- 

mony concentration (Figure53).  

T" 300°K vsm 

:ct i SO6 OUR OAT4 

I// 3 

B:O i 

Fig. 51. Comparison of relative resist ivity ve r sus  
tempera ture  fo r  OSD B i  Sb crys ta l s  and Wolfe 

and Smith's lo) Bi Sb and Big8SblZ crys ta l s .  
94 6 

95 5 

Fig. 52. 

magnetic field at 80°K for OSD Bi 

B i  compared to Lockheed Group's40) B i  

B i  Sb and B i  Sb Crystals.  

Resistivity ra t io  p 3 3  (H)jp 33(0),versus 

(94)Sb(6) and 

97 3 '  
Sb 

95 5' 88 12 

PERCENT ANTIMONY 

Fig. 53. Comparison of l i t e ra ture  data and OSD 
alloy data on resist ivity,  p , relative resistivity. 
P 3 3 ( H ) / p  (0) and Hall coefficient (80°K and 30O0 

33 
K) ver sus  antimony content for Bi Sb alloy 
c rys ta l s .  

1-x x 
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B plots revealed 
H vs '  

F o r  one c rys t a l  E 
335 gauss was a satisfactory magnetic field to 
use  and s t i l l  a s sume  weak field approximation 
equations. 

I 
T F igure  40 shows R vs  -, Figure 47 

H3 1 
I and F i g u r e E :  ( R H o ~ ) 3 1  vs .  

- 

3 3  v s -  - T '  shows ; 

T°K for the c rys ta l .  

An adjacent c rys ta l  was used t o  determine 
Z , S -S , k and without magnetic field in 

o rde r  to evaluate the thermoelec t r ic  cooling 
charac te r i s t ics  of this alloy in the low tempera-  
tu re  range (See F igure  49). Table 12  shows our 
values compared with tlzst: of Smi thand WolfelO). 
It is nct ed a Z 

the OSD alloy. 

P e P T  

3 ~ 1 O - ~ i s  reached at  125OK f o r  
? 

- . :.1 I L 

In view uf these  evaluations and compari-  
sons,  it was  concluded that methods and techni- 
ques f o r  growing Bi  alloys had been developed to 
a point that alloy modification studies could be 
s ta r ted  as specified by the application of the 
IMWM model fo r  Bi  (see F igure  36). 

Bi  Te Alloys 2 3  

, , ~ 

42s 475 5 5 

Fig .  54. 

OSD standard n and p type Bi  Te3 alloys. 

Z , S, kT, and o vs tempera ture  fo r  
P 

2 

Although these specimens do not r ep res -  
ent the highest 2 achieved in Bi  Te alloys 

reproducible production basis.  
at OSD, they do represent  max values ac t ievable  3 on a 

Highest reported and verified values of 
Z 

2 . 9 - 3 . 0 ~ 1 0 - ~  fo r  n type. 

a r e  3 . 1 ~ 1 0 - 3 / ~ C  f o r  p type and 
max  

AgSbTeZ Alloys 

In these state-of-the-art  evaluations ,the 
ver t ica l  technique of casting s i lve r  antimony 
telluride alloy was  adopted. 

The elements Ag (99.999%), Sb(99.9999%) 
and Te (99.99990/).with purity percentages a s  in- 
dicated,were weighed in stoichiometric amounts 
and sealed in evacuated Tycor  tubes. Reaction 
was  ca r r i ed  out a t  7OO0C which was  sa t i s fac tory  
for  taking the s i l ve r  into solution. After oscil la- 
ting charges for  24 hours at this tempera ture  
they were  cas t  vertically through a tempera ture  
gradient established by two methods and at var ious  
speeds.  The two methods w e r e  450 kc R F  heat-  
ing and res i s tance  heating. 
f r o m  3 in to 0.178 in /h r .  

The speeds var ied  

AgSbTe made in all these  ways exhibited 
two phases ( .metallographically). 2 AglSSbZ9Te52, 
suggested by Stevenson and B ~ r m e i s t e r ~ ~ ) ,  
showed ve ry  l i t t le second phase. 
v s  tempera ture  determined on AgSbTe showed 

a transit ion a t  about 125OC, it was  not apparent  
fo r  Ag Sb TeS2. Also the e lec t r ica l  contacts 
showed% cfiznge and internal f rac tur ing  of the 
sample was  observed a t  this tempera ture  fo r  

Whereas S ando 

2 

AgSbTe 2' 

The OSD labora tory  production bismuth 
telluride n and p type alloys were  evaluated in the 
same  manner  a s  the other alloys. 

The Z , S, kT, and z vs .  t empera ture ,  
I ?  

R vs.--, and p VS. T plots for n and p type OSD 
blsmuth telluride alloys a r e  respectively shown 
in F igures  54, 46, 47 and 48 .  

H T  

-- - - 
It is noted Z occurs  

has a value in these specimens 
m ax  

a t  -300OK and 

of 2 . 8 5 ~ 1 0 - ~ /  O C .  
Table 13 shows Z , S, kT, and F data ob- 

P 
tained a t  room t empera tu re  on one specimen of 
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the AgSbTe2. k was calculated from k -k 
k was determi&$ using the Wiedemann 

F r a n z  relation. Table 14 shows a comparison 
of 2 ,  RH, p, n,  a id  S a t  room temperature  for  

AgI9Sbz9Te5' and AgSbTe2. 

f rom -R 

apparent  mobility). 

T e '  

- 
Note the change 

to  +RH and the large drop in p (the 

TABLE 1 3  

ROOM TEMPERATURE THERMOELECTRIC 

P A R A M E T E R S  FOR OSD AgSbTe2 

- 3 0  - 1  z i I .  2 5 x  10 c 

p = 6 .  94 x ohm-cm 

S = t 219 F V , ~ C  

k. = 0. 66 x IO-' wat ts lc rn  OC 

(ca lc)  

TABLE 14 

ROOM TEMPERATURE CHARGE TRANSPORT 

AND THERMOELECTRIC DATA ON TWO 

Ag-Sb-Te ALLOYS 

P "H 'a 
n s 

ohm cm cm'icoul cm+volt (cc)-l pV/OC 
*e=. 

Ag Sb Te +O. 14 . 13 4 . 4  x 1019 +220 
19 29 52 'slo'z 

AgSbTeZ 9 .  b x -4. 07 508 1. Z x  10'' +235  

Figure  55 shows the Z ,  S, k and a as  a 
function of temperature .  F igure  46 shows the 

R vs -, I F igure  47, the u vs -,and I- Figure 48, 
p H as a fTunction of tempera ture  for  T another sample 

of AgSbTe 
The anomAous negative R 
e lec t r ic  power a r e  noted. ? 'hese  data a r e  dis-  
cussed l a t e r  in t h e  alloy modification r e sea rch  
s e c ti on. 

(with lower 2) f rom these cas t  rods. 
and positive thermo- 

Fleischmann's  12) data on Z 

(AgSbTe2)0+4(PbTe)0. a r e  represented in 

for  
P 

Fig.  55. Z , S  kT, and u vs  temperature  for  

OSD AgS bTe2. 
P 

Our data a t  room temperature  on this alloy 
a r e  summarized in  Table 15.where they a r e  com- 
pared to Fleischmann's  1 2 )  values. Our specimens 

indicated in Table 15. P T  

appeared s t ructural ly  identical to  his except a 
slight second phase was apparent which may ac -  
count fo r  the differences in  Z ,S.k and u values 

TABLE 15 

At this point we recognized the nature  of 
the ma te r i a l  preparat ion and control problems 
presented by this (AgSbTe ) (PbTe) alloy, as 

wel l  as i t s  s t ruc tura l  instability and concluded it 

F igu re  1 
- 3  0 sys tem.  He indicated obtaining Z = 3 x 10 / K 

a t  500-600°K. Attempts to  reproduce this s ta te-  

ca l  technique descr ibed previously. 

a s  the maximum achieved t o  date jn thjs - 

of-the-art level  m a r k  were  made using the ver t i -  2 . 4  . 2  

would be desirable  to  find an improved alloy in  
this system. Therefore ,  fur ther  optimization a t -  
tempts  were  not conducted. 

Fleischmannl') used a horizontal technique with 
multiple zone passes  and he extracted a reported-  
l y  single phase specimen f rom the center  of the 
resul tant  ingot. 
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Discussion 

A comparison of the Z values vs  tempera-  
ture with optimized or  rnaximgm Z values repor t -  
ed in  the l i t e r a tu re ,  fo r  the state-of-the-art  in- 
vestigation phase of the project effort is presented 
in F igure56 .  

7.(10' 1 1 I 

I I I I I I  

F ig .  56. Comparison of Z values vs  tempera-  

t u re  for OSD Bi  Sb c rys t a l s  ( ze ro  H field), 

n and p type Bi  Te  alloys, and AgSbTe with 

maximum Z values revealed in the l i t e ra ture  for  

BigSSb12 c rys t a l s ,  n and p type B i  T e j  alloys, 

(AgSbTe2)0. 4(PbTe)0. 

P 

94 6 

2 3  2 

P 

2 
and p type PbTe alloys. 

The BiSb, B i  Te3, and AgSbTe2 alloys 2 
w e r e  charac te r ized  a s  summar ized  in Tables 1, 
2, and:. with the insertion of the e lec t r ica l  aGd 
thermoelec t r ic  data presented above. 
- 

These efforts effectively provided the 
bas ic  ma te r i a l  preparation and evaluation methods 
f o r  the alloy modification interdisciplinary study 
which was  then initiated. 

ALLOY MODIFICATION STUDIES 

Introduction 

Subsequent to the state-of-the-art investiga- 
tions, the alloy modification studies essentially 
developed into: 

1. Efforts t o  devise a m o r e  satisfactory 
c rys t a l  growth technique fo r  Bi alloys 
and initiating attempts to alloy Bi with 
selected elements other than Sb. 

2. Attempting to de te rmine  how Fe, T1, 
and Au substitutions in the AgSbTe 2 

compound influenced the thermoelec t r ic ,  
t ranspor t  and s t ruc tura l  p roper t ies  of 
this compound using the principles,  
correlations,  and IMWM which evolved 
f rom the interdisciplinary theoretical  
and analytical identification study. 

Approximately 100 N-M-X alloy variations 
were made during this phase of the program. 
Many of these were made by the Quench-Anneal 
process  ( see  section on Methods of Material  Pre- 
paration) which was not considered satisfactory 
for  optimization of the D5 -R- s t ruc tu re  and 
modifications -ihered in w?nch d 3m p orbital  half bonds 
and  resonance bonds dominate the  chemical bond- 
ing, and molecular net s t ruc tures  a r e  basic 
building blocks. As discussed previously, th i s  
process  consisted of d i rec t  reaction of the e le -  
ments ,  in a controlled vapor p r e s s u r e  environ- 

quenching to room tempera ture  and annealing for  
24 hours  at a tempera ture  about 50°C below the 
melting point. This process  is however fas te r  
than casting but it yielded specimens with some-  
what questionable charge  c a r r i e r  mobility values.  
On the other hand i t s  adaptability to alloys with 
unknown melting points was decidedly advan- 
tageous in these exploratory efforts. 

ment (commonly ca r r i ed  out a t  550-750 0 C )  

Each alloy, sc reened  by this p rocess ,  
ass i s ted  by metallographic visual observation 
and R. T. and L.A. T. R a , and S check tes t s ,  
which was considered o l f h t e r e s t ,  was then 
remade using the m o r e  compatible ver t ica l  cas t -  
ing process .  Much of the exploratory data which 
=rega thered  will not be discussed here .  
reader  is r e fe r r ed  to the quar te r ly  p rogres s  re- 
por t s  fo r  such detailed data. 

The 

Sample alloys which were selected through 
the exploratory evaluation t e s t s  were  subjected 
to Z , S ,  kT, LY , 5-I. i ~ .  vs. tempera ture  
measurements ,  and in  especially interesting 
cases ,  to X-ray s t ruc ture  identification. 

P 

The experimental  work can bes t  be p r e -  
sented i n  a logical relationship to the postulates 
and predictions of the theoretical  and analytical  
identification sections of this report .  

N-M-X Alloy Research  

5 
The D3d -R- s t ruc tu re ,  p-orbital  half 

3m 
bonds, molecular ne ts ,  resonance between mol- 
ecular  units, multiple independent "wells", as 
defined in  the identification section,and some un- 
known anisotropy of la t t ice  spacings,  were  all 
assumed as basically characterizing any experi-  
mental  alloy of in te res t .  
were  evaluated f r o m  the view-points of did they 

The experimental  alloys 
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deviate f rom these assumed charac te r i s t ics  and 
if so, how. 
assumed since the complexities of the s t ruc tures  
sought a r e  s o  great  and 2 
so very  sensitive to minor var ia t ions in alloy 
constituents that any empir ical  metal lurgical  o r  
chemical approaches would m i s s  the mark.  

This basic research  posture was 

is expected to be 
max . 

Since our  IMWM tel ls  u s  an improved alloy 
can be expected to be character ized by a super -  
s t ruc ture ,  with l a rge  la t t ice  parameters  and a 
c r  s ta l  s t ruc ture  with m o r e  complexity than 
D3d -R- 
lar nature of the C s t ruc ture  type, detailed 
s t ruc ture  identifications of promising mater ia l  
sys tems a r e  important. 
t ime consuming. 

5y 
but s t i l l  maintaining the basic  molecu- 

3m' 
33 

However they a l so  a r e  

More basically we postulate according to 
our IMWM that the charac te r  of the "wells" is of 
vital importance. 
possible during this  period we have attempted to 
examine how the band s t ruc ture  associated with 
the "wells" i s  affected by substitutions into the 
N-M-X alloy system. 

Essent ia l ly  in the studies 

AgSbTe 

For  this purpose the AgSbTe s t ruc ture  was 
2 

considered. shows an  approximation 
of i t s  distorte5ic:l'') s t ructure .  In Figure 58, 
a two dimensional molecular net, roughly r ep re -  
senting the dis tor ted molecular f o r m  of the 
s t ruc ture ,  is shown. 

A 

Fig. 57. 

rhombohedral (idealized) and cubic la t t ice  of the 
d isordered  NaCl s t ructure .  

Relation between ordered AgSbTe2 

Q Q Q Q  

Fig. 58. 
molecular ne t  s t ruc ture  for  AgSbTeZ crys ta l s .  

P ic tor ia l  representat ion of a possible 

Ag in this s t ruc ture  i s  postulated to be 
covalently and single S electron bonded. Accord- 
ing to the assumed molecular  net, ( s e e  F igure  5 4 ,  
Ag terminates  a partially complete molecular  net 
and s i t s  inters t i t ia l ly  in the resonance bonded 
portion of the s t ructure .  
s bond, and owing to Ag's low internal  p re s su re  
and sublimation enthalpy, i t  is expected that the 
T e  -Te resonance bonds pr imar i ly  hold the 

Because of the Ag lone 

11 11 
s t ruc tu re  together. 
fact that i ts  melting point is about the same  as 
that of Bi  T e  

This is consistent with the 

2 3' 

The reduction in number of bonds (two half 
bonds for  Ag and 6 for  Bi) obviously interrupts  
phonon conduction and i t  is assumed this  is 
lar ely responsible for the k = . 0046 wat ts /  
c m  C,  while in  Bi Te  
The al ternate  h e x a i o d  stP-hucture fo r  the rhom- 
bohedral cell one can assume fo r  A SbTe has  
a = 4. 3-4.4 and c = 19-20 A . We note 

the a distance is ve ry  close to that in Bi T e  
hex 2 3  

(4. 37AO). 

6 k ph = . 01 watts/cm°C. 

5 2  
hex hex 

In t e r m s  of the molecular  well model, i t  
appears  a t  l ea s t  th ree  of the "wells" of the 
Bi T e  s t ruc ture  could be present  and contribut- 
ing to i o l e  conduction. In addition the Ag atom 
with i t s  f i r s t  ionization potential of 7. 5 3  ev vs .  
8. 5 ev  for  Sb, because of i t s  assumed s half 
bond, provides a t  l ea s t  another well. However 
because the ionization potential of Ag is lower, 
i t  is expected that the valence band due to Ag 
bonds in  this resonance bonded s t ruc ture  may be 
above that for  the T e  -Sb-Te wells and there-  
f o r e  it could control  conduction. 

2 

11 I 
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It is reasonable  to assume that the conduc- 
tion and valence band associated with the Ag 
"well" will overlap,  but because of l a rge  atomic 
ionicity, X . mnbility i n  t h e  conduction band will 
be much 1a;ger than in the valence band. We ex- 
pect this "well" ac t s  basically like those in BiSb 
alloys (slight band gap or  overlap).  

- 
- 

- 
- 

If the F e r m i  level of these txlo bands is 
coincident with the top of the overlapping 
3 Te -Sb-Te independent valence bands, one 
could'obtain a situation in which the number of 
e lectrons in the conduction bands is l e s s  than the 
holes in the valence bands, but the % would be 

very  large.  
ing the -R and +S, the measured  n / c c  = 

1. 2 x 10 /cc  and electron mobility of - 500 c m  / 
volt sec  ( s e e  F igures  59, 60, and 61 observed f o r  
this mater ia l ) .  
only one "well" but the high S value, being posi- 
tive, must  be a resul t  of the simultaneous hole 
conduction by very low mobility, high effective 
m a s s  holes character is t ic  of the other molecular 
wells. 

I .  

p P  
These assumptions allow rationaliz- 

18 2 

These data suggest the action of 

I 1 I I  1 I I  
lo 70 d0 d0 IbO 150 200 250 300 400 SO0 600 -I t- R BiZTe, STANDARD ALLOY N TYPE 

760 

0 AgFeTe, N TYPE 

N AgSbTeZ N TYPE or INTRINSIC 

D TlEiTe N TYPE 

1 
Fig.  59. R vs -for AgSbTe AgFeTe2 and 

TlBiTe compared t o  OSD standard n type B i  Te 
alloy. 

H T  2' 

2 3  

Bi, le, OSD STANDARD N-TYPE ALLOY 
TI El Te (N-TYPE) 

A0 Sb Tez N-TYPE INTRINSIC 

I- -I 

1 
AgFeTe2 and 

Fig.  60. 
TlBiTe c o m p a r e 2  to  OSD s tan ia td  n type B i  T e  
alloy. 

o v s  -for AgSbTe , 

2 3  

Ag Sb T.2 N-TYPE INTRINSIC 
Biz Te, OSD STANDARD N-TYPE 
TI Bi l e  (N-TYPE) 

ALLOY 

Fig.  61. 

TlBiTe compared to  OSD standard n type B i  T e  2 3  
alloy. 

p vs T for  AgSbTe2, AgFeTe2, and 

The data  on Ag Sb T e  shown in Table 
9 . 2 9  52 14 indicate the holes &ominate conduction. 

To in te rpre t  these data  correct ly ,  one 
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should probably apply 

2 2 
\ = -np'p 

t n p 
(ne'e p p 

54) 

to obtain the mobilities. These data,  however, 
suggest l a rge  3 bnt a l a rge r  concentration of 

holes than e lec t rons .  
% 

On the other hand, it mus t  be recognized 
that the presence of an  Ag Te  phase and an  
Agl SbZ9Te52 phase could6e  treated by a double 
ban3 model to explain the data. 

The nature of our specimens were  not such 
that a conclusive assignment of a single phase or  
two phase treatment was possible. 

In F igure  6 2  we note the constant value of 
-3  0 

2 ? 0 . 6  x 10 / C f rom 75'K to 300°K with a 
tendency to increase  a t  a higher temperature.  
This i s  remarkable  and a cause for  continuing 
scientific in te res t  in this mater ia l .  

NOTE - e  OF AgSbTe. ( -1  IS SHOWN AT 
1/10 OF ITS TRUE VLLUE 

The (AgSbTe2) (PbTe)  alloy is believed to be 
representativd of such i n  inc rease  in number of 
wells. 

2 .  

2 
TlSbTe 

Because of the excessively weak bonding in 
AgSbTeZ, and the l a rge  atomic ionicity cha rac -  
terizing the Ag-Te bond, the desirabil i ty of 
replacing Ag with a heavier atom charac te r ized  
by g rea t e r  polarizibility led  to the incorporation 
of T1 in the Ag position in the AgSbTe2 s t ruc ture .  

T1, because of being a n  "inert  pair" e le -  
ment and because it is able to exhibit both a one 
and three  valence,  was a logical choice. On the  
assumption that i t  might half bond with i t s  one 
p-orbital ,  an  alloy se r i e s ,  Agl-xTlxSbTe2, and 
seve ra l  other version?+ were prepared  to tes t  fo r  
i t s  ability to ac t  as T1 . 

Table 16 summar izes  the exploratory data 
f rom this s e r i e s .  

TABLE I6 

EXPLOTUTORY EVALUATIONS OF &p.b,Tl =SbTer ALLOYS 

Fig. 62. Z S ,  k and p vs  tempera ture  for  

AgSbTeZ compared to standard p type B i  Te 
alloy. 

P' T 

2 3  

Because of the low k ( s e e  Table 15), not 
T 

reflected in our data in F igure  62, it i s  not 
necessary  that the l a rge  number of wells char -  
acterizing Bi  Te alloys be active in this m a t e r -  

2 3  
ial to obtain a reasonable high Z a t  R. T. 

P 

However any inc rease  in  the number of 
wells without increasing k 
be expected to yield a supt&Lr 2 mater ia l .  The 
chances of increasing the numbepof wells without 
increasing k appear  reasonably good despite the 
expected corP-helation between latt ice phonon con- 
duction and the number of single e lec t ron  bonds. 

(if possible) would 

Table 17 summar izes  data on a n  associated 
TlSbTe s e r i e s  where x var i ed  f r o m  0 to 3. The 
other s e r i e s ,  wherein T1 was substi tuted for Sb, 
revealed n = 1O2'/cc and will not be discussed 
here .  

X 

At f i r s t  i t  was considered that T1 was ac t -  
t 

ing with a 1 valence in Ag positions. However 
X-ray s t ruc tu re  identification revealed a 
D -R-  s t ruc tu re  of the C s t ruc tu re  type. 

ated in a Sb Te  molecular latt ice.  

5 
TZfs suggested 3m it was apparently 3 3  being incorpor-  

2 3  
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ARD Bs2 Te3 ALLOY (P-TYPE1 
Sb2Te, IP-TYPE) 
Au Sb.8, Ta,,lP-TYPEl 

1.0 

I 1 I I I 1 

t A  -i 

0.01 

1 
F i g .  63. R vs- fo r  TlSbTe T1 in place of 

B i  in p type B i  Te  s tandard alloy, Sb2Te3, and 
2 3  

AuSb BiTe compared to  OSD standard p type 4 7.5 
B i  Te alloy. 

H T  2' 

2 3  

s, u ,  and p vs. t empera ture  data  shown 
in F igures  63, 64 and 65 and compared to that for  
a p type standard Bi Te  alloy confirmed that  the 

(a t  low tempera tures)  with those of our  optimized 
standard p type Bi Te 

transport  propert ies  2 3  were practically I 
identical 

alloy. 
2 3  

TI Sb Tc2 IP-TYPE1 
0t2Te3 P-TYPE OSD STANDARD ALLOY 
Au Sb.61 TeL5(P-TYPEI 

* 0 " 

RECIPROCAL TEMPERATURE - X10'3-K-' 

Fig.  64. o vs - 1 for  TlSbTe , T1 i n  place of B i  
in p type Bi  TeT standard alkoy, Sb2Te3, and 

AuSb BiTe 

B i  Te  alloy. 

2 3  
compared to  OSD standard p type 

4 7.5 

2 3  

BI~TS,  OSD STANDARD ( P - T Y P E )  
TISbT.2 (P -TYPE)  

0 Sb,Te, (P -TYPE)  

:: 104 0 AuSb,BiTe,, ( P - T Y P E )  

f 

F I I I  I 1 I I  I I I  
IS0 200 250 300 400 500 600 700 70 80 W 100 

TEYPERATURE - O K  

Fig. 65. 

in p type Bi  Te  s tandard alloy, SbZTe and 

AuSb BiTe compared t o  OSD standard p type 

B i  Te alloy. 

p vs T for  TISbTeZ, TI in place of B i  

2 3  3' 

4 7.5 

2 3  

50 



However Z , S, k and data shown in 
F igure  66 and t h g S  dataTin Tables 16 and 17 
revealed that S W d S  strongly suppressed.  
l iminary interpretat ion of the data suggested de-  
generacy of the charge c a r r i e r s  owing to reduc- 
tion i n  the number of active wells. 

P r e -  

1 -7-7- I I 

Fig. 66. Z , S , k  and p vs temperature  for 

TlSbTe 

B i  Te alloy. 
2 3  

P T  
compared to  OSD standard p type 2 

The high t empera ture  end of the 2, S, k, 
and 0 ,  \ a n d  p vs.  t empera ture  curves  reveal-  
ed a new p enomenon, reminiscent  of that ob- 
served in SnTe, by Brebrick and Strauss5') 
Allagaier and Sheie57), and Sagar and Miller 
and a l so  in p-PbTe,  n-GaAs and n-GaSb. The  
Hall constant increased rapidly with r is ing temp- 
e ra ture .  

' 58) 

Experiments  on Anomalous Effects of T1 

At this point we assumed that perhaps T1 
w a s  sitting in an  Sb position in  the molecular 
la t t ice  without disrupting resonance bonding nor 
the C33 s t ruc ture  (confirmed by X-ray identifica- 
tion la te r ) .  We assumed T1 was bonding with 1 
p-orbital half bond and because i ts  non bonding s 

orbi ta ls  in this  high dielectr ic  constant medium 
were  separa ted  by a very  small gap f r o m  the top 
of the valence bands, they could be thermally 
excited to f i l l  the p-orbitals. 
excited they would f i l l  the excess  hole s ta tes  
which the T1 introduced into the valence band 
s t ruc ture  and subsequently the T1 cations would 
ac t  as ionized impurity centers .  

When thermally 

To confirm these hypotheses, two exper i -  
ments  were  conducted. T1 was substituted into 
our  s tandard p-type Bi Te  alloy in place of the 
Bi. 

2 3  
Since this  would be expected to change the 

anisotropy of the Te  

ture  would act  now like a modified Sb T e  alloy. 

Therefore  Sb Te was made by the same  pro-  

-(BiSb) and (BiSb)-Te 
la t t ice  spacings, i t  was II expected that the s t ruc -  I 

ce s sing technique. 2 3  

2 3  

In Figures  67, 64, 63 and 65, the Z , S. 
T ,  E , R k 

the standard p-type Bi Te alloy with T1 substitu- 
2 3  tion a r e  shown. In figures 68, 64, 63 and 65 the 

Z, S, k, (J s RH, and p ver sus  tempera ture  c u r v s  
fo r  the Sb Te  a r e  shown. X-ray s t ruc ture  data 
revealed both specimens had the C 
character is t ic  of the high Z alloy. 

and p versus  tempera ture  cu8ve.s for  
H' 

2 3  
s t ruc ture  

33 

1 ---- BQ,T., OSD STINDARD P-TYPE 4LLOV 

-T I  REPLACEYENT FOR L IN OSD STAUMRD P - n W  &LWV 
- . 0 2 0  

1 

Fig. 6 7 .  Z S,kT. and p v s  tempera ture  for  

T1 substitution for  B i  in p type B i  Te  standard 

alloy compared to  p type standard B i  T e  alloy. 

P' 

2 3  

2 3  

B I ~ T ~ ~  O S 0  STANDARD P-TYPE ALLOY - Sb,Te, IP-TYPE1 300  -30 

Fig. 68. 

Sb2Te 

alloy. 

2 ,S, kT, and p v s  tempera ture  fo r  
P 

compared t o  s tandard p type B i  T e  
3 2 3  
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Examining these curves reveals :  

1. T1 in the s tandard alloys resu l t s  in the 
same  dras t ic  reduction in Z a s  observed 
for  TlSbTe (See F igure  67) .  Note, 
Z 
has  a value of about 0. 6 5  x 10-3/0C. 

2 
occurs  a t  higher temperature  and 

max 

1 
2. The vs  T curve (See Figure 63) 

shows a very sha rp  increase in value 
with increasing temperature .  

3. The p vs. tempera ture  (See F igure  65) 
shows an  actual  r eve r sa l  in trend to a 
positive dependence of p on temperature .  

4. Compared to the standard p-type alloy 
a t  R. T . ,  0 is increased and S de- 
c reased  by a fac tor  of about 2, suggest- 
ing degeneracy of the hole distribution 
has  been introduced due to introduction 
of new hole s ta tes  in the valence band 
and/  o r  decrease  in lattice anisotropy 
and consequent decrease  in E of the 

g 'wells'  ' . 
5. The 2 , S, k , 0 ,  , and p vs. temp- 

eratur% data &r Sb % a r e  re lated to 
2 3  

the s imi la r  data for  the T1 in the stand- 
a r d  p-type alloy. The anomalous p vs.  T 
t rend  for the  T1 in s tandard p-type alloy 
appears  asymptotic to the p vs. temper-  
a tu re  t rend for  Sb Te  a t  higher temp- 
e ra tu re s .  The Z vs. tempera ture  t r e d  
is closely sirnila? to  that for  the TI in  
s tandard p-type alloy. 

2 3  

The r e su l t s  of these experiments support 
the assumption that the increasing with temp- 
e ra tu re  is caused by TI non bonding s orbi ta ls  
being thermally excited into the empty p-orbital 
bonds thus reducing the number of hole s ta tes .  
The anomalous positive tempera ture  coefficient 
of p is due to the  superposition of self developed 

ionized impuri ty  scat ter ing on the p a T 
ac  cous t ic  scat ter ing.  

% .  

- 3  z 

In addition, i t  is postulated m o r e  anhar- 
monicity of the la t t ice  bonding forces  charac te r -  
i zes  this s t ruc tu re  than the p-type Bi Te  

a l so  be present .  

alloy 
and effects  resulting f rom this  condition 2 3  may 

The s imi l a r  Z values  and a l so  the r is ing 
with t e m p e r a t u r z  for  Sb Te a l so  suggest 

3 that some excitation of the Si nonbonding s -orb i -  
t a l s  may a l so  be occurr ing to reduce the number 
of hole s ta tes  i n  the valence band. 

In summary ,  these  data  confirmed the se l f  

ionized impurity scat ter ing proposal, justified 
the empty orbi ta l  concept for accounting for the 
increased number of hole s ta tes  in the valence 
band, and substantiated that the E of the "wells" 
has  indeed been decreased  by a ragical  change in 
anisotropy of lattice spacings for  Te -(SbTl) and 
(SbT1)-Te f r o m  that for  Te  -(BiSb)- T e  It 
s eems  reasonable in view of'these changes that 
the number of active wells in these s t ruc tures  
may be the same  a s  in Bi Te 

2 3  

II 
I I' 

high Z alloys. 

Au Substitution in  AgSbTe and BiSb T e  
2 4 7 . 5  

Since Au is heavier than Ag, and has  a 
higher electronegativity than ei ther  Sb o r  Te ,  5 
additions of Au to the D -R- sys tem and sub- 
stitutions of Au i n  AgSb+$ z g e  not expected to 
bond in the s t ruc tures .  

2 

However s ince compatible second phases  
can be expected to be tolerated on cleavage 
planes, the effect of Au i n  small quantities was 
considered of interest .  Of the three  (Cu, Ag and 
Au), Au would be expected to be l ea s t  mobile ow- 
ing to size. 

In Tables 18 and 19 the exploratory data  on 
Au substitutions in  the AgSbTe la t t ice  and as an  
addition to Sb BiTe are shown. In very  small 
quantities, l e s s  than'x = . 05  in Agl-xAuxSbTe2, 

and x = 1 in  Au Sb BiTe i t  appears  Au is not 

harmful  to  the S and u , but i t  is to k 
fore ,  Z .  

2 
4 7 5  

x 4 7. 5' 
and there-  

T' 

TABLE 111 

EXphrCJry ErduLbn. of *.l-=hxSbTe -7. 
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In F igures  69, 64, 6 3  and 65, the Z , S, 
and p v s  t empera ture  for  

- 3  RH> kT. 0 ,  

AuSb BiTe7. are shown W e  note 2 0 . 9  x10 
a t  near  room temperature .  k is increased 
somewhat above that observed for  Sb BiTe 

X 

T 
4 7.5 '  

i T - I  I I I I 1 - 1  I 
KT FOR AuSb,B#T8 (a) --- BiIT.,0SD STANDARO 
IS SHOWN AT '/lo'& 
ITS TRUE VALUE - Au%B,k,, 

P-TYPE ALLOY 

3 0 0 - 3 0  

Fig. 69. 2 ,S,k and p vs  t empera ture  for  

AuSb BiTe 

B i  Te  alloy. 

P T  
compared t o  standard p type 

4 7.5 

2 3  

2 
F e  Substitution in  AgSbTe 

ploring F e  as a means  of decreasing the res i s t iv -  
ity of AgSbTe and thus providing a possible way 

thermoelectr ic  cooling mater ia l .  

of developing 2' a n  n-type higher tempera ture  

A se r i e s  of alloys were made represented  
by AgFexSb Te  The exploratory resu l t s  a r e  

shown in  Table 20. 
IMWM this alloy pers i s ted  in showing an  n-type 
\ and p-type high S even at x = . 2. 
AgFeTe2 alloy propert ies ,  compared to  those 
given by Wernick and W ~ l f e ~ ~ ) ;  are shown in  
Table 21. 

I-x 2' 
As expected according to 

The 

TABLE 21 

L L E C T X C A L  PROPERYIBS OF SILVER iROS TZL>L-:<ZZ 

The closely similar electronegativity of F e  
to that of Sb, the challenge of exploring effects of 
d orbi ta ls ,  the low internal  p r e s s u r e  and sublima- 
tion enthalpy of F e  and i t s  known effect in Ag T e  
of anomalously increasing led to ex- 

2 
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In F igures  70, 60, 59, and 61 the Z , S, 
kT, 0 , R and p vs. t empera ture  t r e n d s s r e  
shown for  AgFeTe We note the Z value is 
ve ry  low. However, the confirrnatign of high 
electron mobility in this  material is noteworthy. 

H 
2' 



Fig. 70. 

AgFeTe2 compared to  standard n type B i  2 3  Te  

alloy. 

Z ,S ,kT,  and p vs temperature  for 
P 

No identification was made of i t s  s t ructure .  
However Shtrum6’) substantiated that i t s  s t ruc  - 
t u r e  is one of considerable complexity. 
Zaslowskii and Zhukova6°) showed that it has  a 
trigonal la t t ice  and a n  interesting superstructure .  
I ts  s t ruc ture  resembles  NiAs in the f i r s t  approxi- 
mation. 

TlBiTe 

Since Ag Fe SbTe alloys seemed to have 
doubtful promise  in seeking an n-type mater ia l  
for  higher  tempera tures ,  TlBiTe was considered. 
This mater ia l  appeared a t  f i r s t  to have some pos- 
sibility. (See Table 22). However X-ray identifi- 
cation showed i t  to be two phased. 
identifiable fit of i t s  observed pat tern to es tab-  
l ished X-ray pa t te rns  could be found. 

1-x x 2 

No readily 

TABLE 22 

Comparison of Propertie. of T I  BlTe Alloys Prepuad by 

Quench-Anneal a d  R. P. Casting 

In Figures  59, 60, and 61, %, 0 , a n d p  
ve r sus  temperature  a r e  shown. Z was too low 
to measure .  P 

DISCUSSIONS AND CONCLUSIONS 

The AgSbTe alloy modification effor ts  
basic r e sea rch  investi- 

gations on this sys tem in conjunction with the 
progress  made in  interdisciplinary identification 
and character izat ion of the highest Z alloys known 
for  thermoelectr ic  cooling, has  considerably 
clar i f ied the advantages and disadvantages of the 
D$-R- 

along with the supporting 2 

and dis tor ted forms  of this s t ructure .  
3m 

As a resu l t  of this  work, we now kEow of 5 
ways in which Z 
s t ruc tures  : 

can be suppressed in  D’ -R- 
3d 3m P 

1. Cause insufficient anisotropy of la t t ice  
spacings and difference in  bonding 
energy between Te and Te  positions. 

development of degeneracy of %he elec-  
t ron  o r  hole distribution a t  R. T. when 
the optimum concentration of charge 
c a r r i e r s  of n = LO 19 l c c  is present. 

This resu l t s  i n  red%tion in  I E and 

2. Introduce energy bands by alloying 
atoms which suppress  the number of 
active wells and owing to atomic ionicity 

pe  
strongly maximize - . The la t te r  

effect is not undesirable except when 
coupled with the f o r m e r  one. 

pP 

3. Introduction of excessive ionicity which 
des t roys  resonance bonding by excessive 
polarization effects. This amounts to  
elimination of p-orbital half bonds. 

4. Add elements  which have markedly 
different ionization potentials compared 
to those of Bi  o r  Sb. 

5 .  Introduce cations of similar electronega- 
tivity but a smaller number of p-orbitals 
without compensation for  the hole s ta tes  
thus introduced in  the “wells”. 

W e  conclude the experimental  data on modi- 
fications of the D 5  -R- 
and in some cases  quantitatively support  the 
IMWM fo r  D 5  -R- 
ance bonded mater ia l s .  

s t ruc tu res  qualitatively 
3d 3m 

p-orbital half bonded, reson-  
3d 3m 

We conclude p-orbital half bonded rhom- 

thermoelec t r ic  
bohedral s t ruc tures  with optimized resonance 
bonds a r e  requi red  fo r  high Z 
cooling mater ia l s  . P 
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These investigations led to recognizing a 
new method of doping for p-type bismuth telluride,  
th t is the substitution of Tl fo r  Bi o r  Sb in the 
D3d - R -  latt ice of Bi Te or  Sb T e  alloys. 

P 
3m 2 3  2 3  
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